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1.0 SUMMARY

This is the final report of the work performed under contract to NASA Manned
Space Flight Center on the design and test of an all mechanical Mass Flow Con-
troller. The program involved design, development, manufacture of four MFC
units and a test program using inert gas as the test medium, The unit controlled
the pressure within £+ 1 percent. An analytical method is described for relating

the control pressure error with error in mass flow,
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2.0 INTRODUCTION

Control of the mass flow rate is essential for controlling the fuel-oxidizer mixture
ratio or controlling the thrust level of a rocket engine. In a rocket engine designed
for a constant thrust level, the flow rate of the propellants must be maintained
vssentially constant. When gaseous propellants are used, it becomes more difficult
to maintain a constant flow rate than when liquid propellants are used. In a typical
rocket engine system using gaseous propellants, both the pressure and temperature
of the propellant supply will vary. The function of a mass flow controller is to
compensate for these variations as required to maintain the flow rate constant.

An all mechanical approach to mass flow control is illustrated in Figure 1. In this
approach a fixed flow restriction is combined with a temperature biased absolute
pressure regulator. The pressure regulator maintains a constant control pressure,
Po, so long as the temperature of the propellant does not change, even though the
propellant inlet pressure varies. Under these conditions the pressure at both ends
ot the fixed flow restriction is constant and the flow rate is therefore constant.

When the propellant temperature changes, the temperature biased pressure regulator
alters the control pressure proportionally so as to maintain the flow rate constant
through the fixed restriction,

The equation for subsonic gas flow through a fixed restriction can be approximated by
the equation

2 ~
o :-E{E CA’\/PCZ(,fOPC)..........(l)

It can be seen that the flow rate through the fixed restriction will be constant if the
term under the radical is maintained constant, This term is constant when the
pressure drop, Po - Pc, is caused to vary with the absolute temperature, T. This
is casily scen when Pc and Z are constant; actually these two terms vary somewhat
with temperature, which requires minor modification to the proportionality main-
tained between Po - Pc and T.

S P3G 870
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DEFINITIONS OF SYMBOLS

Flow area of throttling element, in2

Bellows area, in?

Coefficient of discharge, dimensionless

e BTU
Specific heat of bellows, IB -0 R

Force, lbs

Conversion Factor, LBm ft
LB¢ - sec®

Film Coefficient, BTy

sec- in¢ -"R
Specific Impulse, LB f

LB__ - sec

m
Thermal Conductivity of Bellows BTU
sec - in - R
Thermal Conductivity of Belleville Spring , BTU
sec ~-in - R

Bellows Stroke, in

Bellows Conduction Path, in

Belleville Spring Conduction Path, in

Mass of Bellows Corrugations, lb

Mass of Belleville Spring, 1b
Bellows Charge Pressure, psia
Thrust Chamber Pressure, psia

Inlet Pressure, psia

Control Pressure, psia

Specific Gas Constant Ft- LBy

LBm °R

Temperature of Bellows, © R

Temperature of Bellows, ° R

Temperature of Propellant, °R

Temperature of Belleville Spring, o( R
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DEFINITIONS OF SYMBOLS (continued)

Temperature, ° R

Time, secs

Volume, in3

Flow Rate, 1lb/sec
Percent error in oxygen flow rate
Percent error in ‘hydrogen flow rate

Compressibility Factor, dimensionless
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3.0 BASIC DESIGN CONCEPT

In the all mechanical approach a fixed flow restriction is combined with a temperature
biased absolute pressure regulator, hereinafter referred to as the Mass Flow
Controller (MFC). In a rocket engine the injector together with the ducting connecting
the injector and the MFC constitute the fixed flow restriction. At the beginning of

the program this flow restriction was assumed to result in a 60 psi pressure drop
when passing rated flow at 100°F to a combustion chamber at 300 psia. The chamber
pressure varies somewhat with the temperature of the entering propellant in
accordance with Figure 2.

Figure 2 was obtained from the expression

= - 25k (2)
PC(560 - 15p(560) e o o e s e e s e s e

which is valid for constant mass flow of the rocket engine.

The variation of specific impulse with temperature was obtained from Figure 3.
Figure 3 was prepared from data from NASA Houston for a rocket engine with a
O/ F ratio of 4, expansion ratio of 40 and a thrust chamber pressure of 300 psia.
This curve is valid for O/F ratio from 3.8 to 4.2.

Figure 4 includes two curves, one for oxygen gas and one for hydrogen gas, showing
the required variation in control pressure with temperature for constant mass flow.
The curves were prepared using the equation

CAPEM
w

Z T

Which is a more exact equation than (1) for the flow through a fixed restriction.

Figure 5 is a schematic drawing of the Mass Flow Controller. It incorporates a
shutoff poppet, which is controlled by a two-position, three-way solenoid pilot valve
for the off-on function. Downstream of the shutoff poppet is the pressure balanced
throttling element, consisting of a stationary cylinder and a rotating cage. The cage
is normally positioned by the belleville spring so that its slots are aligned with the
slots in the cylinder. When the pressure at the outlet, Po, rises to the set value,
the bellows, which connects with the cage through a linkage, rotates the cage toward
a more restrictive position, The amount of cage rotation is that required to maintain
the outlet pressure at its correct value for the temperature of the propellant. When
the propellant temperature increases, the internal pressure in the bellows increases
and causes the MFC to control the outlet pressure to a higher value.

)Hs P36 8-70
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In order for the MFC to vary the outlet pressure with temperature in accordance
with one of the curves of Figure 4, the slope must be correct and the pressure level
must be correct. The slope of the curve is determined primarily by the bellows
charge pressure: the greater the charge pressure, the steeper the slope (larger
pressure change for a given change in propellant temperature). The pressure level
of the MFC is determined by the pressure charge and the belleville spring load.

3.1 Tolerance

The all mechanical MFC is basically a temperature biased absolute pressure regulator.
It uses a helium charged bellows to sense both the pressure and the temperature of the
flowing gas. Because the MFC is a pressure operated device its precision is best
expressed in terms of a tolerance in the control pressure, e.g. *3 psi at 0°F tempera-
ture. It is of interest however to relate pressure tolerance to tolerance in mass flow,
mixture ratio and thrust when two controllers (an oxygen MFC and a hydrogen MFC)
are used to supply a rocket engine.

When one MFC delivers its propellant at a higher or lower pressure than the correct
value, it causes a proportiondl error in the flow rate of its propellant. This error in
flow rate results in a deviation in the chamber pressure of the rocket engine. The
change in chamber pressure represents a change in the outlet pressure of the fixed
flow restriction of the other propellant; consequently it causes an error in the mass

flow rate of the other propellant even when the MFC for that propellant is controlling
without a pressure error.

An analytical method was developed for relating these tolerances. It consists of
assuming a percentage error in flow rate of each propellant and calculating the
resulting mixture ratio, chamber pressure, and control pressure for each propellant.
Figures 6 and 7 were constructed from the results of several such computations.
Details of the method are described below.

An error of +x% error in oxygen flow rate and +y% error in hydrogen flow rate
results in the following O/F mixture ratio

X
4 ——
orr = *U1* 10 R 3
y_
L+ oo

and a change in flow rate through the engine of

4§_+X ‘
= 100 100 Y =3

5

HS P36 8-70
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A new chamber pressure was calculated using the chamber pressure from Figure 2 and
modifying it by the new mass flow

Aw

w

Pc = 1+ x Pc (from curve)

Equation (1) was then used to calculate a new outlet pressure, Po, for each propellant.
These two pressures were used to establish a point on one curve of Figure 6 or
Figure 7.

For an oxidizer-fuel ratio of four, the hardware required for an oxygen MFC should
be the same size as a hydrogen MFC. This follows since for equal pressure drop the
flow passages should be approximately the same for both propellants. It is therefore
logical to expect equal pressure errors of the MFC for each propellant. Figures 6
and 7 show that for equal pressure errors the hydrogen MFC will suffer approximately
twice the mass flow percentage error of the oxygen MFC.

Figure 8 is a plot of the allowable pressure band over the entire temperature range
band on a mass flowerror of 2-1/2 percent and 5 percent for the oxygen and hydrogen

units respectively. This figure shows that the allowable pressure error decreases
as the temperature of the propellants decreases.

The allowable pressure control band can be increased without increasing the mass

{low error by designing the system for a greater pressure drop through the fixed
flow restriction, (See paragraph 6. 3) '

3.2 Bellows Charge

The bellows is charged with helium gas and subsequently sealed. The charge
required to cause the MFC to control the outlet pressure in accordance with

Figure 3 may be calculated from a force balance. The force balance, in its simplest
form, consists of the

1) spring force, F: belleville spring load plus the installed load
in the bellows (the bellow is assembled so that it is in compression throughout its
stroke). The spring force acts to hold the throttling element in its open position.

This force is a function of temperature, decreasing approximately 2% per 100°F
increase.,

2) gas charge, P}, acting over the effective areas of the bellows, Ay,
pushes the throttling element toward the open position. This force varies directly
with absolute temperature.

HS P36 870
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3) outlet pressure, Po, acting over the effective area of the bellows,
Ay, opposes the other two forces and balances them . when the outlet pressure
rcaches the correct pressure value.

The force equation in its simplest form is

F
—_— + s = R
Ar Py o | (6)

It the terms F and P, represent their magnitude at 100°F temperature, their
magnitude at any lower temperature T

= - F

E o - Dol XD
I

P}:‘T)‘ ST X Pp o e e (8

The above three equations and the values of Po taken from Figure 3 can be used to
calculate P and F | These calculations for the oxygen unit give

Ap
P, = 112 psia at 100°F
F .
— = 248 psi at 100°F
Ay

During testing of the prototype MFC it was discovered that the above force balance
requires modification in order to account for a temperature dependent closing force.
This force results from the pressure drop between the throttling element and the MFC
outlet. The pressure drop creates a difference in pressure across the belleville

spring, resulting in an additional closing force on the throttling device. Additionally,

the pressure drop results in a greater pressure surrounding the bellows than is indicated
by the outlet pressure. These two effects are temperature dependent since pressure
drop, at constant flow, is temperature dependent.

The effect of the additional closing force was determined empirically. It res-lts
in the revised charge pressures and spring loads as follows:

HS P36 8-70
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For the oxygen MFC

Py = 148.7 psia at 100°F
F/Ap = 246.3 psi

For the hydrogen MFC

P, = 133.6 psia at100°F

F/A, = 261.4 psiat 100°F

3.3 Thermal Response

The thermal response of the MFC is determined by the rate at which the belleville
spring and the helium charge inside the bellows respond to a temperature change of
the propellant gas. The most rapid change of propellant temperature occurs when
the MFC, stabilized at its maximum temperature (100 °F), is opened with a gas
supply at its minimum temperature (-210°F for an oxygen MFC, -260°F for a
hydrogen MFC). In this circumstance the MFC will regulate to a pressure higher
than it should until the bellows and belleville cool to near the temperature of the
propellant gas. Slower thermal response occurs when oxygen is the propellant as
its thermal conductivity is less than that of hydrogen.

Bellows - The bellows thermal response was calculated by assuming
that the mass of the bellows is concentrated in the center of the bellows wall and
that the length of the conduction path is one-half the wall thickness. The heat
transferred from the center of the wall to its outer surface is derived from cooling the
bellows mass; i.e.

dTb A
- Kb%b
MbCy, dt "——I'Jb—- XTp - Ty, ) N €))

wherethe expression on the left side of the equation is the cooling
rate of the bellows and the expression on the right the rate of
conduction to the outer wall of the bellows.

The energy conducted to the outer wall of the bellows is transferred to the propellant
by convection.

L (Tb_TbO) =hAb(Tbo~Tg).............(10‘)
b

1S P36 8-70
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Equation 10 can be solved for Ty and the result substituted in equation ¢. The
resulting expression may be written

Kb
L+ oo dTb
dt =
KbAb Thb - Tg
LbMbCb

an expression which can be integrated if Tb and t are considered as
the only variables. Actually, conductivity, specific heat, and the
film coefficient vary with temperature, but not sufficiently to
invalidate the result, Integration gives

_Kp_
¢ = 2 _hly 1n ATb - Tejt = e an
_KyAy (Tb - Tg)t =t
LbMb Cb

Figure 10 is a plot of Tb vs t obtained from equation 11 for the oxygen
MFC. Values used for the constants are listed below,.

4 BTU

=1.16:; - -
Kb =1 x10 Sec - in - °F

7.85 x 10’3 In

Lb =
BTU
Cb = ,076 b °F
Ab = 38.21In (Bellows area and mass were calculated

neglecting the end fittings)
Mb = .174 1bs

-3 BTU
h = .34 x10
x Sec - in - °F
Belleville Spring - An analogous expression to equation 11 for the

relationship between belleville spring temperature Ts and time t is as follows:

|4 Ks

¢ = _hLs ;,(Ts - Tg)t=o (12)
Ks As (Ts - Tg)t=t
ILs MsCs

HS P36 8-70 @
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The equation was derived in the same manner as the equation for the
bellows. The spring was considered symmetrical to a plane passing through its
center (perpendicular to its axis) with the length of heat transfer equal to 1/4 its
thickness and a heat transfer area equal to its surface area, or

Lg =.0188
Ag = 18 in?

M, =.196 in2
Film coefficient, conductivity and specific heat was assumed to be the
same as for the bellows.

Figure 9 includes a plot of the belleville spring temperature vs. time
obtained from Equation 12,

The temperature of the bellows and the belleville spring at any time t
was used to calculate a regulated outlet pressure for that same time. The technique
used was to calculate (1) the amount that the helium gas charge pressure decreases
(assuming that the helium gas temperature closely follows the bellows wall tempera-
ture) as a result of its temperature decrease from its initial temperature to its
temperature at time t and (2) the amount that the belleville spring force increases
AFs ; as a result of its temperature decrease from its initial temperature to its
temperature at time t. The regulated pressure at time t was taken to be its initial
regulated pressure (360 psia) plus the belleville spring effect (AFg /Ap ) less the
pressure change of the helium charge. (This calculation did not include a term for
the pressure drop through the unit. It did use a bellows charge pressure, 112 psia
at 100 degrees F, which is correct for a MFC without the pressure drop effect
(See paragraph 3.2 ). Results of the calculation are plotted in Figure 10. It
shows that the MFC, when subjected to a step temperature change of 310 degrees
F, regulates within three psi of the correct pressure setting for the new propellant
temperature within approximately two seconds. It is interesting to note from Figure
11 that after 2 seconds time the temperature of both the bellows (-162 degrees F)
and the belleville spring (-67 degrees F) are considerably greater than the pro-
pellant temperature (-210 degrees F) and yet the regulation pressure is within 3
psi of the correct regulation pressure. This apparent paradox is explained by
noting that the effect of a bellows temperature error is opposite from the effect
of a belleville spring temperature error; i. e. a bellows temperature higher than
the propellant causes a high regulation pressure whereas a high belleville spring
temperature causes a low regulation pressure.

1S P36 870
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4,0 DESIGN
The Mass Flow Controller design is shown in Figures. 11 and 12. | . Its primary

€lements are a shutoff valve incorporating a housing, a shutoff valve, a pressure
balanced throttling device, consisting of a stationary cylinder and a rotating cage,

a hermetically sealed bellows assembly containing a helium gas charge, and a nega-
tive rate belleville . spring. These elements are pictured in Drawing 5716187 and
Drawing 5716068, reduced size copies of which are included as Figures.lland 12,
These elements are discussed in some detail below.

4.1 Housing

The MFC is designed for an operating pressure of 2000 psia inlet and
360 psia outlet (at 100 degrees F). Proof pPressures are 3000 psia and 540 psia
respectively. The housing is structurally sound for outlet pressures up to 2000
psig but such pressures would damage the bellows. Safety factors at the flanges for
inlet and outlet pressures of 3000 and 2000 psig respectively are shown on Figure 13

4,2 Shutoff Valve

The shutoff valve is a piston operated type controlled by a separate
solenoid pilot valve. The poppet, which is clamped to the piston at its inner.
periphery, has some self-alignment capability at its seating surface, which pro-
jects beyond the skirt of the piston and seats on a raised, flat-lapped annulus on
the cylinder. In the closed position the poppet is pressure loaded in contact with
the seat.

The piston is normally spring loaded to the closed position. Pressure
at the inlet communicates with the piston chamber via the solenoid pilot valve .
When the solenoid pilot valve is energized, the piston chamber is connected to
the outlet port of the MFC. This causes the piston chamber to bleed down until
the inlet pressure opens the piston. The piston is prevented from slamming open-
ing by the built-in snubber action as the piston approaches its open position stop,

The piston is guided by a CRESstem which moves in a filled Teflon
bearing. Its peripheral seal consists of two step-cut piston rings of a filled Teflon

material backed up by a CRES expander ring.

4,3 Cylinder and Cage

The throttling element consists of a stationary cylinder and a rotating
cage, each with six peripheral slots, Throttling occurs as the slots in the cage
rotate out of alignment with those in the cylinder.

1S P36 8-70
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4,3 (continued)

There are six slots in the cylinder and six matching slots in the cage.
Four of the slots are 1/8-inch wide and two are 1/4-inch wide. The orientation
is such that the four narrow slots close simultaneously when the two wide slots
are in their mid position. There is . 0025 radial clearance (nominal) between
the two parts when installed. Twenty-three degrees rotation from the closed
position is required to fully open all slots. The flow area versus rotation is
shown on Figure 14.

4.4 Bellows Assembly

The bellows used in the MFC was an off-the-shelf item. It has
7-1/2 active convelutions and was obtained by machining an existing 14

convelution bellows obtained from Robertshaw Controls Company, Knoxville,
Tennessee. This bellows , Robertshaw P/N A2000A08, is a single-ply, hydro-
statically formed, seamless, 18-8 CRES bellows with the following specifications:

OD: 2.00

ID: 1. 34 inches

Wall thickness: . 0157 ‘in.

Length per active corrugation: .110 in.

Spring rate per active corrugation: 4000 1b/in
Maximum stroke per action corrugation: .023 in.
Effective area: 2.22 in,

Maximum pressure rating: 395 psi differential

Bellows Spring Rate

The spring rate of the bellows is made up of a mechanical portion, or
that due to the spring rate of the 7-1/2 active convolutions, and a pneumatic portion.
The pneumatic spring rate results from the fact that the bellows cannot be deflected
without compressing or expanding the internal charge. If the internal charge
follows an isothermal process during deflection, the pneumatic spring rate may
be calculated as follows:

Differentiating the perfect gas equation for an isothermal process
(pV = constant),

de
= 0
P,—3V ____ + v @
dL
_ A _ dF
Sincedv - B 9L and dP = Ag
2
dF¥r = - A —_—
T v (13)

48 P36 870
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The mechanical spring rate is approximately 535 lb/inch at room
temperature and decreases with increasing temperature at a rate of approximately
2% (10, 7 1bs/inch) per hundred degree change. The pneumatic rate is directly
Proportional to the internal pressure and consequently increases with increasing
temperature. The bellows assemblies were charged with helium to 148. 7 psia
(bellows assembly at midstroke, 100 degree F temperature) for the oxygen MFC
and 133.6 psia for the hydrogen MFC. (See Paragraph 3.2 ) The spring rate
variation with temperature is shown below for the bellows wed in the oxygen MFC,

Temperature Mechanical Pneumatic Assembly
Spring Rate Spring Rate Spring Rate
Degrees F 1b/inch 1b/inch 1b/inch
100 532 490 1022
-210 565 219 784
4.5 Belleville Spring
The spring loads, as described in the preceding paragraph, were
found to be : :
F = 246.3 x 2.22 = 546 1bs. for the oxygen unit and
F =261.4x 2,22 = 580 lbs. for the hydrogen unit

Approximately 20 lbs of each of the above loads is obtained from the compression
of the bellows. The remainder is the calculated load of the belleville at its mid-
stroke position,

The belleville spring operates in the negative spring rate regime
throughout the operating stroke (. 036 inches) of the linkage. The spring rate of
the belleville spring was designed to be near the spring rate of the bellows assem-
bly. If the two were equal (but of opposite sign) the net spring rate would be zero.
A zero spring rate system would permit the throttling device to take whatever
restrictive position required by changing pressure and/or temperature of the
propellant without change of outlet pressure. For stability reasons, however,
it is desirable that the net spring rate remain positive,

4,6 Solenoid Pilot Valve

The Solenoid Pilot Valve is a two-position, three-way direct operating
valve purchased from Circle Seal Corporation, Part No. SV 30 A 32 P4 T, cleaned
for oxygen service.

$ P36 8-70
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5.0 TEST PROGRAM

The test program was originally planned to include component tests,
prototype tests, Acceptance ‘Tests and Design Verification Tests, It was necessary
to expand this to include additional tests, termed "Pre Production Tests' because
of unanticipated problems requiring (1) redesign of the cage and cylinder and (2)
modifying the bellows charge.

5.1 Component Testing

At the beginning of the program, certain components were recognized as
being critical to the success of the all-mechanical Mass Flow Controller. These
were (1) the cage and cylinder assembly (2) the charged bellows and (3) the belle-
ville spring. Development tests were planned for these components to verify their
performance as components before assembly into a complete MFC.

5.1.1 Cage and Cylinder Assembly

A prototype case and cylinder were machined from 17-4 barstock in
accordance with Parker Drawings 5716069 and 5716070, both to Revision A. These
components were assembled and tested in a test fixture.

When pressure was applied, a high separating force was developed.
This was determined to be caused by inadequate venting of the space between the
cage and cylinder. The venting area was increased by slotting the end plate of
the cage and chamfering its forward end. This eliminated the high separating
force.

Torque testing of the cylinder and cage was conducted at various pres-
sures with an orifice in the outlet line downstream of the fixture of a size which
will pass rated flow at approximately 300 psi in the test fixture. Torque readings
were obtained using hand held torque wrench and also using an electrically driven
torque meter. Results of the test using the torque meter are included as Figure
15 The torques obtained indicate an opening torque on the cage, that is, the fluid
tends to align the slot in the cage with the slot in the cylinder.

An effort was made to eliminate or reduce the magnitude of the torque
by the following three methods.
(1) Shaping of the leading edge of the slot in the cage.

(2) Attaching a fence to the cage at two of the slots which protruded into
the slot of the cylinder. The arrangement is shown in Figure 16,
The fences produce an unbalanced pressure area which result in
a closing torque when the slot in the cage is in the Dear closed posi-
tion.

Hy P36 870
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(3) Attaching a shroud to the cage which directs the flow from the
slots in a longitudinal direction. The shroud is pictured in
Figure 17. Various positions of the shroud were tried relative
to the slots in the cage.

The various devices tried in an effort to reduce the torque altered the
shape of the torque-displacement curve but none showed a consistent improvement
of the total torque range over the working angle of the assembly.

Whenparts became available to complete the assembly of a MFC, the
prototype cylinder and cage in its unmodified form was used in the assembly. The
assembly was tested over an inlet pressure range of 400-1000 psig and performed
without any problem traceable to a torque on the cage. Further torque tests of
the cylinder and cage were discontinued.

5.1.2 Prototype Bellows

A prototype bellows assembly was fabricated and filled with helium
to a pressure of 112 psia at midstroke and 100 degrees F temperature. (The
pressure was calculated to be the required charge pressure for an oxygen MFC
without a flow sensitivity correction). The bellows was stroked using a spring
tester and a force deflection-curve obtained both for increasing load and for
decreasing load. From this curve the following data was obtained.

Force at midstroke: 225 1bs.,
Spring rate of filled bellows, 75 degrees F = 835
Hysteresis: negligible

The prototype bellows was used in the prototype MFC assembly. The performance
of this unit is shown in Figure 19,

5.2 Prototype MFC Testing

The first MFC was assembled using the prototype cage and cylinder,
the prototype bellows assembly and the prototype belleville spring. It was tested
in the test setup shown in Figure 19.

Pressure regulation performance of this unit is shown in Figure 19.
Analysis of this data resulted in the following conclusions:

(1) Scatter of data at a particular flow rate is approximately 12 psi
(- 6 psi).

(2) Decreasing the flow rate by changing the downstream orifice from
. 687 diameter to . 624 diameter causes an upward shift in control
pressure of approximately 20 psi at 0 degrees F.
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(3) The slope of the pressure vs. temperature curve at constant flow
rate is less steep than the target curve. The target curve shown
is obtained from the oxygen curve of Figure 3 less (a) 14. 7 psi
to. convert it to a sea level gage pressure reading) and (b) the
velocity head in psi for rated flow in the outlet line where outlet
pressure is measured.

The prototype MFC was cycled 1000 times at room temperatures using
a solenoid pilot valve. Inlet pressure was 400 psia. Following the cycle test the
unit was disassembled and inspected. No damage was detected as a result of the
cycle test,

5.3 Pre Production Testinﬂ.

Analysis of the results of testing the prototype components and the
prototype MFC assembly led to certain design changes. The bellows assembly
charge pressure was increased to increase the slope of the pressure regulation

curve and the cage and cylinder were altered for increased strength and improved
performance,

The cage wall thickness was increased to strengthen it where the
prototype cage had proved weak. The journal of the bearing was increased in
section to reduce the deflection resulting from the linkage loads.

The radial clearance between the cage and cylinder was decreased
and the length of the slots were decreased to reduce the fluid torque effects and
consequently improve precision. The cage and cylinder were made in a four-
slot and six-slot version. Comparative tests showed the six slot version markedly
superior. All testing of the four-slot version was discontinued and six-slot cages
were ordered for all production units.

At this time it was decided that remaining performance testing would
be conducted over a 500-700 psi inlet pressure range rather than 400-2000 psi
design range. The limited inlet pressure range avoids the inlet pressures which
cause a still unexplained rise in outlet pressure of approximately 20 psi. The

inlet pressure range of 500 to 700 psig is consistent with use of a roughing regu-
lator upstream of the MFC,

The body which had been used on the prototype MFC was modified by
adding a second outlet port. This was accomplished by drilling a hole in the body
downstream of the cylinder and cage assembly, tapping a l-inch pipe thread and
installing an AN816-16 nipple. The body was used in a complete assembly using
a six slot cage and cylinder configuration. The original outlet port was capped

p36 870
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and the unit placed in the test setup with the downstream system, including the ori-
fice, connected to the new outlet port. In this configuration the flow passes from

the cylinder and cage to the outlet, bypassing the belleville spring and bellows. Out-
let pressure was modified at the port in the original outlet flange which opens to

the region of the bellows. The bellows assembly used was charged to 135 psia at
100 degrees F, midstroke position.

The modified assembly was tested with orifices of . 687 diameter and
. 562 diameter installed in the outlet. The resulting pressure regulator curves are
shown in Figure 20. The curve for the . 687 diameter orifice shows the outlet pressure
to be approximately 42 psi higher at O° F than when tested in the conventional manner.
This increase results from (1) elimination of the closing force on the belleville spring
and (2) measurement of the pressure at a location which is at the same pressure level
as the bellows. The tests also show an upward shift in outlet pressure of approximately
9 psi ( at0° F) when the orifice in the outlet is changed from . 687 to . 562 diameter.
This is a smaller shift than occurs when testing the unit in the conventional manner
but is greater than anticipated.

Analysis of the test data resulted in the revised bellows charge levels
described in paragraph 3.2. A bellows charged to the new level was assembled in
a MFC using an unmodified body. The pressure regulation curves resulting are shown
in Figure 21 for an orifice size of . 687 and . 624 diameter. A point on the rated flow
performance curve is obtained where the test points taken for a . 687 diameter orifice
cross the rated flow line for that orifice. A second point on the rated flow perfor-
mance curve is obtained where the test points for the . 624 diameter orifice cross the
rated flow line for that orifice. A line joining these two points is the rated flow per-
formance curve. This curve shows the correct slope for an oxygen MFC and the
correct pressure level,

The best transient temperature test occurred during test of this unit,
The inlet temperature was suddenly lowe red by approximately 300°F. The recorder
trace obtained is reproduced as Figure 22. It shows inlet temperature, outlet temp-
erature and outlet pressure vs. time. The test was conducted with a . 624 diameter
orifice in the outlet line and an inlet pressure of approximately 600 psig. The trace
shows the inlet temperature changing more rapidly than the temperature measured at
the bellows which is to be expected since there is some warming of the gas as it
passes through the MFC. The outlet pressure responds more rapidly than either
temperature which indicates that the charged bellows responds more rapidly than
the thermocouples used in the test.

The data from Figure 22 is reproduced on a larger scale in Figure 23, Plotted also
in Figure 23 is the transient curve prepared from calculations for a step tempera-
ture change. (See paragraph 3.3 and Figure 10.)

The test curve covers a greater pressure range since it is a test with
a . 624 diameter orifice in the outlet line (hence the flow rate increases as the temp-
erature decreases) rather than with constant rated flow throughout the temperature
range. The test curve shows the outlet pressure to change more slowly than the
calculated curve. Part of the difference is explained by the fact that (1) a true step
temperature change was not obtained in the test and (2) some warming of the flow
occurs between the inlet and the bellows which was not accounted for in the calculaticns,

s P36 870



SYSTEMS DIVISION no._EER5716068 av_WT pace L9
PARKER [ HANNIFIN e NC

DATE | 1-19-72

An interesting recorder trace obtained with the preproduction unit by amplifying
the outlet pressure signal. This trace is reproduced as Figure 24. It shows very
clearly the variation in outlet pressure as the temperature varies. It also shows

the outlet pressure responds more rapidly than does the thermocouple used to measure
the temperature.

5.4 Acceptance Tests

Four MFC units were assembled in accordance with the Manufacturing Operations
Routing for Part No. 5716068, a copy of which is included in the appendix. For each
bellows assembly and each belleville spring used, a load deflection curve was obtained
by use of a spring tester. These curves are included in the appendix. The curves
show a belleville negative spring rate somewhat greater in magnitude t han the bellows
assembly positive spring rate. This results in a slightly negative spring rate of the
MFC which is undesirable for stability. Instability did not prove to be a problem
however during testing at limited inlet pressures (500-700 psig).

All production MFC units, adaptors and solenoid pilot valves were tested in
accordance with PTS5716068. Copies of these documents are included in the appendix.
Results of these tests are summarized below Copies of actual data sheets are included
in the appendix.
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5.4.1 Leakage

Leakages recorded for the four production units are summarized
in Table 1., External leakage occurred at the joint when the cap attaches to the
body which sees inlet pressure, and at the joint where the housing attaches to
the body, which sees outlet pressure. The seals used consist of a single piece
Teflon jacket with an internal CRES expander spring and are standard parts ob~-
tained from Raco. Surfaces in contact with the seals have finishes and dimensions
in accordance with the seal manufacturer's recommendations. Total external
leakage at the limited inlet pressure is less than 10 sccm,

Internal leakage occurred at the poppet seat (which may have been
augmented by leakage past two Raco seals which are potential parallel leakage
within two light bands and with a finish of four micro inch, except for one oxygen
MFC, S/N 02. This unit leaked excessively.

Another leakage recorded on the data sheets but not listed in Table
1 is the piston leakage. This is the leakage past the piston ring and occurs only
when the MFC unit is open. This leakage passes through the solenoid pilot valve
and into the MFC outlet, bypassing the throttling device. It produces no detectable
effect on the performance of the MFC,

5.4.2 Pressure Response

A recorder trace obtained during a pressure response test is shown
as Figure 25, Four inputs were monitored:

(a) Solenoid voltage

(b) Inlet pressure

(c) Outlet pressure

(d) Pressure in the shutoff piston chamber

5.4.2.1 Opening Response

When the solenoid pilot valve is energized it shuts off the fluid com-~
munication path from the MFC inlet to the shutoff valve piston chamber and opens a
communication path from the piston chamber to the MFC outlet. The pressure in
the chamber then blows down until the shutoff piston begins to move. Once the pis-
ton begins to move, the downstream face of the piston, unpressurized when closed,
becomes pressurized, The increased area exposed to pressure produces sufficient
force on the piston to open it fully without further flow of gas from the piston chamber,
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The opening time can be considered to consist of four intervals:

(1) Solenoid Response Time - the time required for the two-position
solenoid pilot valve to shift position after energization. (60 milliseconds)

(2) Blowdown Time - the time required to depressurize the piston

chamber to the pressure at which the piston can begin to move.
(60 milliseconds%

(3) Piston Travel Time - the time required for the piston to travel
sufficiently to pass rated flow. (20 milliseconds)

(4) Controller Reaction Time - the time for the throttling element,

which is initially fully open, to overshoot, recover, and achieve
regulation. (20 milliseconds)

The times shown in parentheses are the times taken from the recorder
traces of Figure 25.

5.4.2.2 Closing Response

When the solenoid pilot valve is de-energized it shuts off the fluid
communication path between the piston chamber and the MFC outlet port and opens
a path from the MFC inlet to the piston chamber. The pressure in the piston cham-
ber then rises to near inlet pressure and is closed by the piston return spring.
When the piston approaches the seat the pressure drop across the piston produces
an additional closing force.

The closing time can be considered to consist of 4 intervals.

(1) Solenoid Response Time: the time required for the two-position
solenoid pilot valve to shift position after de-energization.
( 5 milliseconds)

(2) Pressurization Time: the time required for the chamber to
pressurize to the point when the spring can initiate closing.
(25 milliseconds)

(3) Spring Closure Time: the time required for the spring to return
the piston from its fully open position to the point when the
pressure drop across the piston aids closure.(115 milliseconds)

(4) Pressure Assisted Closure Time: the time required for the
piston to move the final distance under the influence of the

pressure drop across the piston and, to a lesser extent, the
spring force. (10 milliseconds)

These times shown in parentheses are the times taken from: the
recorder traces of Figure 25.
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5.4.3 Control Pressure with Varying Inlet Pressure

Pressure regulation performance was obtained over an inlet pressure
range up to 1000 psig with the temperature essentially constant., A typical trace
obtained from one of the four units (an oxygen MFC, Serial No. 02) is included as
Figure26. This curve shows that the MFC controls outlet pressure high by as much
as 20 psi when the inlet pressure is between 400 and 500 psig for both increasing and
decreasing inlet pressure. The reason for this pressure rise was not established
conclusively but is suspected to be associated with torqueon the cage. The outlet
pressure is low also during increasinginlét’ pressure between 700 and 900 psig and
during decreasing inlet pressure between 950 and 700 psig although the effect is not
so great as at the low inlet pressures.

5.4.4 Control Pressure with Varying Bmperature

Pressure regulation performance was obtained throughout the tempera-
ture range with the inlet pressure in the 500-760 psig range. Each unit was tested
without thermal conditioning using a . 687 diameter orifice in the outlet. An orifice
of . 624 inch diameter was substituted prior to the test runs in which thermal condi-
tioning was accomplished. A curve plotted for one of the four units {an oxygen MFC,
Serial No. 02) is shown on Figure 27, Similar curves for the remaining three units
are included in the appendix. The curves show that the units were not adjusted as
precisely as was the preproduction unit. (See Figure 21.) The slope of the constant
flow curve does not match the target slope as well as did the preproduction unit.

5.4.5 Thermal Response

Thermal response was conducted on each unit and the results tabulated
in Table 2. This shows the magnitude of the inlet temperature change resulting from
a sudden opening of the liquid nitrogen supply and the time required for the outlet
pressure to reach the new equilibrium pressure.

5.5 Design Verification Testing

One of the four units ( a hydrogen MFC, Serial No. 01) was subjected
to Design Verification Testing in accordance with DVT5716068, a copy of which is
included in the appendix. Test results are summarized in Table 3. Copies of actual
data sheets are included in the appendix.

5.5.1 Endurance Test

The unit was cycled with the solenoid pilot valve at an inlet pressure
of 400 psig. A sufficiently small orifice was installed in the outlet to cause the
throttling element to reach its fully restricted position each time the solenoid valve
opened. Ten thousand cycles were imposed. Poppet leakage following the cycle
test was approximately the same as before the test. The piston leakage increased
but not sufficient to affect performance )
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5.5.2 Pressure Drop Test

The pressure drop test was conducted at an outlet pressure well
below the set pressure to assure that the throttling element was in its fully open
position. At 100 ° F (outlet pressure of 360 psia) the test data indicates a pressure
drop of 60 psi which exceeds the 40 psi design point. The excess pressure drop
resulted from the changes to the cage and cylinder following the prototype tests,
which decreased the open flow area. The pressure drop of the unit is adequate for
the revised inlet pressure range (500 -~ 700 psig), which requires a pressure drop
less than 155 psi at full flow.,

5.6 Helium Test

One of the two hydrogen units (Serial No. 02) was tested for stability
using helium as the flowing medium. The test setup was identical to that shown on
Figure 18 except that a '"'six pack' of helium bottles manifolded together was connec-
ted to the MFC inlet in place of the gaseous nitrogen supply . No thermal condition-
ing was employed but the spherical pressure vessel was utilized (by opening b*1l valve
B2) to lengthen the time of the test run. This was necessary since the opening from
the manifolded six pack was too small to meet the flow demand of the MFC. An ori-
fice of . 687 inch diameter was installed in the outlet for this test. The inlet pressure
was approximately 600 psig. No audible instability was detected with helium as the
test medium nor did the outlet pressure as monitored by the recorder indicate an
instability- The length of the test run obtainable by this test method is too limited to
establish conclusively that the MFC is stable with helium flowing.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 The all mechanical mass flow controller can control outlet pressure within
t 1 percent over the entire temperature range ( - 250 ° F to + 100 °F) provided the
inlet pressure range is limited to 500-700 psig. Further development is recommended
to increase the inlet pressure range without adversely affecting the control pressure

band., The element in the MFC which requires improvement is the throttling device
(the cylinder and cage).

6.2 The errors in mass flow control and mixture ratio resulting from a
pressure control error of + 1 percent were determined by analytical techniques.
It is recommended that these errors be determined also during test firing of a

rocket engine with the propellants supplied through two all mechanical MFC units.

6.3 The error in mass flow and mixture ratio resulting from an error in
control pressure of = 1% is shown over the entire temperature range in Figure 28 |
The curve was calculated on the basis of a pressure drop through the fixed restric-
tion of 60 psi (at 100 °F). For a pressure drop of 120 psi the errors in mass flow
and mixture ratios are less. These are plotted in Figure 29 , It is recommended
that the pressure drop allowable through the fixed restriction be reviewed to ascer-

tain whether it can be increased and how much,

6. 4 The design which was tested is flow sensitive. Its control pressure changes
when the flow rate changes. This characteristic is undesirable in an application when
one MFC unit supplies a cluster of rocket engines. The flow sensitivity can be con-
siderably reduced, by redesigning so that the flow does not pass through the belleville
spring. Additional improvement can be achieved by reducing the pressure drop be-
tween the throttling element and the outlet port. It is recommended that further

work be performed to determine how much improvement is feasible.

1S P36 8-70



FiGuREe

FLOW RATE

NoEERS5716068 ' Page 25

y W

TEMPERATURE BIASED
ABSOLUTE PRESSURE REGULATOR

P WLET PReSSURE

T Peo CONTROL PRessuRE

FIXED Flow RESTRICTION
(EFFECTIVE AREA = CA )

‘L PC CHAMBER PRESSUBSE

( ESSENTIALLY CONSTANT D

PRINCIPLE oOF AL MeCuANICAL

MASS

FLOoW CovTen LLee.



Page 20

EER5716068

No.

C T . éﬁh HLIMI 20€.A3ﬂ4~4 Nﬂm@% NONISNA/WOD ™ 3 3daN=Dy
. o * [ \ . ! | * i . . H !
ﬂ. s 1 [ 4 fl * _ il - PRI - -t [ ] . .
. ﬁ.._ L e R .*.. F A Sy F |
————— » . Y . . . e . ¢ .4 9 . ¥ . = L e 9wk g wuah iy pewpyt ¢ < ¢ - . - . "
! SOSEE SN R _.doraaokc.mmuimﬁ |YE A 4O . _
Py . . R R S P . e e T o . . { ,
b R U TP | L . P N i R . .
A I N = - I IR L SN TR RN RN RN RN A
e b H . N . ; H e e
e e * . "L N e - N A P B _. o . oy . P
—— I ' ¢ f .o * . Cot . A . . A . - : P
RN M * I 1 . P4 i . FR- [ A B ' .w. ' S N N BT e e b e e e g TR T e e e
a‘_,L*‘“ . R PPN T ' o e . G bepee e . | .o S P e , TN
po——— [T N [ — : et s w..o.vtlQ ‘ L R I e R e S IR Sl ol et B e RIE S «&-xznﬁl‘.v o e g e e .
. i * P P " [ORP DR — B ._ . M .- ,v . - R | . R A .
SR I P w ) M P RIS L N . w- . [ . _M
— HEFEE . > Lo ‘ + o 1 ' o H . RS R W » R : poemr feees s e o - . PR . '
P A PR S Y L:..mu.*.‘ Sy .T- m .. .ﬂ_. fwi- m .. _3
VR S U . FERPUOR SOV v - O — -
. ” * RN ; . T T o063 ‘
- B . P . . . 4 .
. ¢ PR W; b . W:fy ' e g
‘ .- § o ! §oee . P _,4 .
b — ,l*. e _ R DU SIS SN SUP PO RO e ey . . . i 3
o ' N § . .. i .. . : J S ' _a .
- . e . ' .- v * . .- i ; . . . e
wtod “ I _N“ . . v D . b
i . s w 4 b _m“ A,“ -~ « w . ”I‘m .
Emmamsans oot b oo A ey : + o ' +
- . w .. N f LN . e 2 . .*. . . _a .
..... . R I : R I N DI
BTSN SRR DUEY RS ON B SRS REESERINES MESREE
’ f,v..y‘_l.wl'uollf Sanidndn sl | m‘.fﬁa
e e @
PR RS [P T : v~
* ; . t,-,al,
FEDEDEY BN RO
R EEEEY DR R
DS SRR RN N
.- . - - " .. ¢~ MTOL.».NI; v o
. . : e - g i e P2
. - . i + - - * . 4 pefeetm e p g e e e
oo e > - - * R + b g + g - S,
. i ; : M | . i : .
. ; T + + - T
I 4 . ' ot B - - B e e s R FRDFN SRFTIDEGEPRN N
— ‘ ke e e e v i o 4 . . 4 - B . t T
- . . L . .- . . _ . “ .. . +o4 Y o FR Y e e . ‘o - S
. . . - . . N PO S Sy [P SR S VRN S R SO . § L. JURTANOIPRRE R
N SO - SIS BT e Bl MR | b
T_. - .. e e . . [ . . . .. vm\. =; [ SN i B e
. . .. [T . T.‘. . C e . .w. e e e L I —
. . PR, . .. . U U .. { - G e e d e SRV TN R TR
e el e e a a ; . N RN - O O | .. x..j.;_t.
: IR n_ewHT.m — IV EEHTSSY ¢ NIDARD OV, i.mmﬂdny.:u A PR SRS AR

il SISO MPE T WIVWVD _ONIABING SANVITRAO™A 4 . .
- AEE,;MF anmmummL BIAWYAD NONSHIEWOD

. I

e - S T I!,.!..r-um, O B .
v* . . _ “ e e e e M e e e e e F e T - e - . e — e prem e = ——}
H . SO




Page 27

EER5716068

No.

RS T
bl i - .
| aatt o i 7 T N OLVTIVA | 2%00 Tt x 12| = i~
RSO mi ol 1. == RN R V= :
- 1 Y b . H - — )
P ) : N v Y p
i 7.‘%-:.7 I I TR AN I IR TN AR SANTE BV SREE BN SRS B ,.ﬂémmL..rh‘zddun .. ) .
4 Treottiirdren ot I T A I I R L T !
-4 | [ B Pt vt !
! Ty bt 41 R SRS S I A B [ L
[ I L“._w: I h;.ﬁ...J.an R L B s ;
SN SELERES D EEEE: SESEEEEE . SR RN R : ;
sant ASWL SRR ERRRERERE e - .
-4 ! P L | L4 oa 4 N G e et : e
4 4—4— . 1. . a4k 1 ' . 4 . . -t '
—- lvlu.llﬁ.fl*rzH#**.wr”... + 4 .1+‘+i.7..4;» N L. : I SRR !
-1t RERESEE RN it .,_.ﬂ,,,.4.;-m.i N I 30 BRSNS : Ce s .
+ ‘TKTLV T..I»I«.IT:%»_ MR T + >— 3 ; : b _ o e s FRRY] S ST S SR “ . .
] i C N 4= » PSS SN SO TR R R auias SRR N + - : ‘
| L . byt~ wv ] .W(M H+ Mw t w ¢MH T O T _,IM‘ H. . N IR D D . ‘w -
EREN ﬁ ) .4-4..*«, pbop 4 IR IR S A ok S S
-} 444 ; i+ . .
=t T # mﬁw. [ " A_*H TTM4 MA‘A.W tot A SO AR A SN U
SRR RN A RERLE RS =R  RERRRRERRERRRIRNRSE ab IR IR ree e IR i 9
i M i
‘ I S By QAR : t e .o S . . )
1 | joit ; : +-t U S ...,“.114
%1+. y I ! H t R PN , ...: s
. 11t tit SN T : * DR (S B
1 } b _ P11 1 s R C
14 -4 _“ t l_4A1.+L, Pt Cbe “ 3
._ { _. . w . .let.. .liw e o N : . S '
T SEsaRRpES suss: : _
{ i RS EEE - —
- L ~.. “ 1 1 1 t : bl el .o
4. ~ m * bttt :T«.,T v T [P
a4 i -
4 TrY T ] > ‘,L”P S
w: IENE SRS 11 IS
B T | e d amdfet 4 e et R e s .
ant .Hw L] BREERN R NI .
| EBRRSRR SN T EASE
RES + SR EaE P i
] 8 t i S 4 H + —t .. -
Eana| JER=EifyRsaas T T+
4 -4 4 e -+ !.T + U SO 4
A - 41 - 1 MHL- :
11t ; 1 . ¢
EIEEENN RERENRRSRERARS s ngald
T ' -1 b gedey : BRI T
: i gt o ! H wwww T ek SR et e i
IR O ) ! bolae b SOV EO
et i L F i NS I -
R | MR m“ L bt
R SR ﬂ 4 4 1 por p— b |
T S A S R 1 M ) R i R N
U T A i R T o ¥ [T U P .
4 4 | } i .M B S J O . il o SR IESIPEES BRI
PUNETREY 14 4 . ¥ t + ” + + u_ + JRUPUIREIN SHUNIEPUI N N PN
DU R IS I I (O X S DY e L
EDUPEDUEN N B Qe Si ARSI R R R B
RIEEEE R B manis st S SERGS Rt nw R SO RS
- T N st B 15 I :
. 4 =t B Bt R
PN o . 1. X . ‘ P e e e e . ;
— e b b . e e . ¢ N bod e e s - ;
S S S SRS R T T
oo PR PORS SV S ' * v e e JU S S . _I‘l - M
- . SRR T PR S U S
Lt - - - it e 1 . L Ahe el Bl
LIRS N B - ,‘ 1. R A
. T : L_‘ I - e —
e D e MRS REES e e TS e S et R ittt It Sehots S -
B ¥ i ot e g - S R e el o4 - . -
X e SRR AR SR Ut T ]




Page 28

5716068

No.

]
44

e

e e e o e —. e — ; Ce e g e .
P oo e Yoo ¢ PR TS : .
A T N
.M+*N boboes ‘.N .M.. m “
-4 & ¢ | [SEY [ 5o d . B B
IEENRES RN DS N biga S O N PR
I N AT R B e )
._~ [ I NI ww*“ t H...’ “ . i :
l * . Vg RN . P i . . S
T% { [T A \mwm. . .. !
I o e .. - ——t- fan Ban ol oo
..hv_ uly [ I [ ' . [T TN . Coee
uAH. f Syrt “% } . F‘”".y .br.“ . Il
- PRI S 4+ PRIt + b PP
Susiil Bs SARERARGES
u_Y } i ST LD S U S ot~ v . SO .
Y ! '
NP I N L I . '
,r:. I R AT IR AR I AR
! [N .
Tfﬂmm “* ...._".M‘ ! + L
SN A N Ce | '
». F.. Yoo toee - . B i .._
DEFEN [ . ;
v O g d ] S SRS BRSNS
- 4 4 .o Fa— v ] st ....‘ u...‘
‘_xkﬁw T\\QL . . [ PR sofeied [T
J ; E ! . : . LT S R s e ey
+ M LF M P PR R P
. S ! — .
R .. ; —— st o
. . P prea b
i ms ¢ - ) ; Soead Fhe b
2l i - S R
; . . . b I A S
9L sesiRasuEl SRR RRES
Pl J M [T .
- . SRR Enat BELR R
,A | 4 L =t 4 L
Pl 1 BN
. : SEREASER SEERAREERIE
. _ T
i -

XYWGEN -

Lol et i Pa .
rebbda : - +..~1; ‘ Mlmx«*; R
B o IS SR B Aeepdade ek IR LR BT S
! + t i, .. P 1 N ! b ‘_l.» ey =
rgoabd- b poi 3 H-t-i-t e ' t T SR R :
— —d b p i —_ Lbi ——t-r : B e
q PO — L?.vl_ﬂ + % . —— fL,.“ ' t 4 T. IS ”y_.LyAlL.:w,
NP (UG 0 S U SN S N I U R . ¢ e
EIRIE SRR R S S e R . F e oot T ARS +H4 HH - s:.rrHl+....
RS RSEEE DS RN B R R SN
[ A w.i .L. . H»“ . . 4%1“1 R 1.h B RSO NG | A Lo
T T T ' L1 : . Lo S i B HU S
B i e e B RS ‘ + b gk R s fl et S SR S SRt S R -+ et
v p.iLle-I — § b - — .7;474.. . b b L I e it I e e e
[P i S . e i d e i TR s SEe RS SESRRS B ,|+|_ro
+ + w s - s + -+ + " T ,
D T e T T o U T LT Tu N o . I B s Sl .IYIT.TL:'Io B T : s —
D TIPSR SR . 4 I o pr e + v LADPVIHY SIS U UV R - G T S R i S R T I TR epy W ENIUPUPNI WIPENUSI.
[ IR S A S B I e T o R SR e L O PO P N ST, 04“1( e iy ‘...zu.l.§‘.!
FER S A x‘wlf et R T e e O U U T — e b e e
e
. - + i
. P D T - [ DU N FRP T T - - - - . - - . e e e e e e . e e e B A et (Q
U " SR, A SR - D S N.:iﬁv S+ S Y - S S

R | R | LS Y - ¢ .f!.mw.‘.;.¢c:..-zm.1-x.“:..- [OREIUNSE S

cee o e S tunsnantly’ | aERNIEI SEIEY" - SIEEECHE BEETIIEP: ) SEEIREEES !

DU DI s T EEEERIL> MO SRS e e it St ,ll:.l.T;lJlo!:ybﬂr. P PEPSUIRIE L. L 4_.11‘:.|, i s St )*Iyw ..‘ll_
NI ST ; —r + . “ . . PESSIN . ‘
Lo Loy ﬁl. [ORERP S, 1#|o R e e e i s SRS SRR IREP TR S SO U P U S .wll(.. -

+ § ‘ Lol : 2 [RUECUE NSRS - By S I e mbms e i e b e e ] e —_—
bt i 4 L - Rt e R B R T ft e ~ ﬁ m:mu ITI[».
L1 R e e e It TR I T R Sy A W&Q;.1+ !am me iU P U ..llu. e e |

PRI “ . ..M R e SRR R NN R A e T e e T S ce e v* B it R P PR S u.!tf,]}li




No. EER5716068 Page 29

SOLENOID PILOT VALVE

/ OUTLET PORT

CHARGED
BELLOWS

E \ \— BELLEV\LLE.
SPRING
$» 0000 ~
0000
— LINK
| CAGE
— CYLINDER
INLET PoRT

\— SHUTOFFE PIRTON

FigGure 5 SCHEMATIC DRAWNWG oF
MASS FlLOw QCOoNTROLLEER.



— R T ST A

Page 30

EER5716068

No.

— — . P T i s e, [

+ -} o ooy [ P R o ‘g o ' i " e PR
L,Lr_q.,,.,..,:...:.... I I I TR AR
ke gl ol SIS 2 tobt 1 [N I sy I i 4. t o o
il wl b ov 4 | ' m I H P P I 1. R S .

4 .«AT.*vk., 9 “AAL B ..«.»,q;v..k..rll.)t oy b ...AE
R R RN SN AR RS SR AN RS b S A S B BB ! Q
- - w;,: T A I i.;,.":;: Co

- 44+ m. * _~ 9 * [ ’ w PR — ~ M * * — * dav*. - -4 b M L

- b . o § . . Y B i o ko

undBAaual N SESSEEEEE SESEESRERE VU EEDN [

; > ? LARMEAS AN SRR AR N BRI SREREN
Fhabd by by A bt i eptt BEEREE e
- 33 s § 4o { } 44 wa ¥ Loy } H [ .
gt SRRENERE DR [ w- At : [
[ENSY S [ % O 0 D o S G O O . R0 0 AT OO O S, WU T - .
) . L_*[ﬁdﬂ *_ t ,/H.., K
+ + =t = 1 1 ——+ + =ttt
P e R I ] - 4 -4 ok 4 .4 4t~ * byt L_x. [ IS »( R | o -
, I- BN R Pl Sola NG T
HER S NGO SRR 4= bt [ i [ v
bobd 4 4 444 -++ 1 + M H + ' 14t *441. S H!., .1*: -ﬂ 4..* { .o s
SaSSSSHnEE B 1 AP ittt b e
: bt ¢ + e s e AR PG
SOETN SIENNE NN N ' DERERREEREDRERS Vs K
S O (O O e S A A A S A AR B . A

, PR, N v [N N voe ey PO N . PP [ [ WY . . m

: ! ) [ . oo . . ) 1 .
et SR S T + 4 4 a ,o.owﬂ ._ LRI Y T — . v “ .« oo FE S + ‘ . S—_—

. X.A&.L. i ol 4» + P s R et LlJII.IT‘io#i,JLJ. 4. - + -~ G . v
NSRRI SO S . I T A P LS T ce By
S BT SR i 11 IR R R R T -/ S
AEUREEUN I B T S -} RIS R da Tkl nid e - .

: H ! ! : ! ) : : ) .

P .M E) A. -+ - 4 4 M v H Hu 11 s r\H 1 1 4#1 - ﬂ 1 ” 4 . !

— s t + ™t ~¥ H T ¢
T <4 - + 4 w + 4. [ h - iwiw fam +- - . . .
NGRS HE g S N R 4t 1 44 pabeb 44 et o A b b L.
I PN - i 44 + [ N -4 - 4 ..* .
NP S TR G - 4 E «, 4 + 4 4+ 4 4 [ S !‘ﬁ.y ] P SN

[t 1 PN 4 w H w H - T
- [P SRR SR s IR U O DO Y S -4 4 S I G .M - + L i - B
t . TS S U0 WP S-S T . i . b - L3 44w 3 - - P N

DO S S i T ! ] L HHIA h r 1 X !
e it = SN I f - R T ..Fﬁf -4 - !.,AHwATA A N R o B A i " = i .qee
SNV Sy SHNDUIDUIPIY S I R N o - —4- 4 t [

S : 1 i . 4 L , ! LT

—— . = N Y 3 ,.ﬂ iﬂf RERERE h > . rvlrx.»w. h 4
SENINPRNE SN WPV T TR t 1=ttt 4 44 B [ 8 - ' ; 1 4

- + e tak SR O +-+ ;ivf.lw‘;.. + HI S T S A bt - ’A\H... - “ it -

SNTEPNIRS T - SUNPY Tﬁw [ SR N 44 s B Ladd _ 1 R

N s o ia b4l b P44 S [P N T T W - 1.4 b 4G «.»15 o4

e PTa i 1T I AERSLUREENEES A

, * -t T T 1 1t T 3

fobrbb oy e . st [RRESE Sl e o B B 1 o+ -4 -4 o+ 4 B e i = o ;M TLJ s o - - o4 LLr\ﬁ e

il S B e T Bl e A S b1t + b+ -t 1 t—+ t
IS REVDUNED S-S bogtot 4 f i - B O . L
SRS T S S I A -+ L4 “r - . 3 b e

F . Pt i i
ey i —tt t T ?

I S S T3 . : Iuwul D

\ e s R PO -.Mr&l 4+ S o ,Ix,..T

. S VDUV SUURE PRI Sy b .:TH A
I i PR T S

- _ : ]

NI SISO S L .
; Pt t
+ -+t

s H
e e e o .iol&.v.\wv. 4

H S W
: v H
— e ek i by 4 4
H ' i
e
? T t
e e b : [P S . 1
I GRS SR - -
JIN S [PPSR SRS SN .-
- : - e o e e
) ;
e st s ki el e i fanehs B
‘ 1
n : - +——t - v— ey g
! i .
SRR S UGS A SO A SR SV
R | ! X
SEUIIVISNPIES SEISIAI S S SRS SRR ] N




Page 31

EER5716068

No.

T Ty T T T T T U T T ;
T wa,.:..u...._..;, R R . "
.~.~ MWIM._.;.“....... 1 A I . *
PR R
SRERERREERREREIEENS NN o . N
[ : Pregiii Ll T e (T L [N BRSO BN DRGNS S DI SN . ,
».W ,* Tﬂw.v“ PR S S I I [ I a,*lf\?ilfllﬁlfr .. ‘wx ” . - . o . .&.:1 - : - . . . . . O
41 Cpr bt o SRR R AR fil _
] w. M:MTM a | NN RES b IT_L-m.: EEEE EEEEEERES o
i AR REERE by Proijtorogs gty io ot v co
o ot i . i H et N +
_ % L Py ¢ ; | HR RN ; : [ M b ' ' .« e . *
. B . i ; . . U e PR . ' , | .
-+ RESSRRE DERER AEER AR SUN RABEREERSS DONRE TR SRS " ¢
1A_|L.l -4 1 p‘w *11._-*. - w-* w ~M+.w. *x—’fi' .IL”»III&II,»JV 4 [ Sk a PR . m i 2
SO oy . i « + 44 rJ.HA frtta ito+ i 114\1411.‘},‘?‘&1”;_ A SN s = e s .
.'H.L\J,)Ll_ PO +— ! vw« v +—4 T + T . L T " o 13 : ' “p ’
B T A _. . +-4 4 .iv t e 4 e-f- 4 R I T R 1!.0-4.|4|.«|.\L' gt - .- . _Vw.x., + + N |
0 T S W [ ot YTt V1 Tt R R S SO ST SRS R )
- ded e - bt b 1b ot + } o A o v + 40t d T
B Tt i T T O G . T S A I N S BTN B . Po-
FH T A Ni s ngns auepunsust MEDOE DI RS BREEE DRSS o .z
e S as=iRRRRERSRRICERRAS ERneniaii RAEEans EARSEEEE i 8 iZ.
1 i [ : soe s R M N 3 . .G
L. 4 i ] ;
o . - ‘ f P P + e coe A : Y
B e o o B e d .4 - RS o 1 } . . o : x .
[EPRPONUR R B O H xm.q..axrﬂ-"r.*.ql PR L0y 1 0
+ e bttt et o . .
R o P O O I ! i I ot .
DN DS Pl LbeT Pl P -
T ’ ; ; : . co e .
RGN 5 B¢ Zh:j S 4 i o 1%
b A Pt et d b ; . 0 :
— e 4 - 4 - A A A 4ﬁ ’ : 9
A i ] it ol - + , > i
i .W aaM P,fuﬂ i R S SR i foioe v b . .
S ! 1 ,4. T :n_l.l 1 ~ ) [ IR T . P -
s e I ] t dobded * w m 1 ¢ ~ M LA B Lo E .
BSOS EERE L og L - u b * AT "E
cET ) 3 i ) i 5 B : i H i I " P o .
,-L_L+<L*.ﬂ 4“LA_ EERERS , REREEEE T
N S Pl ‘
e m : w:w»‘ 1%.« 1 ; . ‘Hl M . . ....s.
s TR B T 13 e
panusn SR RN R RS RN T LTI L et 8
& ” ” ! HT SEES B RERE B
- MJ H M¢ R R Lk s ines ater ol + -t +- -1t utfll + e ALVJ_L o < 00 DO P :
RN .%.r. P qu‘lwlh »w i 4 x.*« . 1] 7 1 44 b L] ' . " e h P
DU B S * —+ 1+ - 4- J T s I O S B S0 T8 R T (O i R 4 M _1 wlwr + ! : ‘ B B o
— b B e e o _ 5 b
IR D BEPEEEESRERREENNREEE BNERREE RS BRI R
b e i P g i I‘VL.:.TWA;.IT IR IS S Y o R ot Rl e ; s
X i ! ' ! )
SEURORPUN S B S S e S e i S PRRCEEN SO popeteb ey -t g !
S MHP‘“TM{ AHL«.L [ _7 .r_hx..w . &. ““+ # _M Aedos 444 bor T:Jrl.hLH 1 4
o HIRURE IR U I A S ! - | - ; ot — ,
T T T T TR T T _ 7
e A e e e e | =
S = AL R '.«l?lﬁb..ruw’ﬁl.f. + 1 il SRR Sl S IRE S et e o . ” L .
———— I . " : L U A S R iRl I R . B RS A
i VR ’ —— + — ™ R - T T T i 1 -ﬂv SR IR
vxxl|||v|t||t.. HEDUE .\.|p | f.Lcw by DR ERRE DN ».la - .vltl”lbl.ol.ll;r'rv.n,o PR v s . e e O AN -
L SRS S U S ] SIS BRI SN S .lwlr B N IR e e o e an g A foi . ” ROREe | S S
Pl [T N T RN RS KT I NEDUE U SUPUUARUPIN NN S e DS I PEEPIRTEES EEEE B e BN P I |
S D SUU URSRCEN S 0515 UURAIE I 5 1000 S0 DOUDODUREN N TUNMDNN AREANURER OOV NPUMSEIE S I LT ; :
Lo : . : i P . . ! 1 &
AR I S I I SN I J.wyﬁ.u...xax.,..u,wmwm;.w“‘,....HMQH‘ Ot o . . R o
RO AN SRR D - S Il SRR SRS SR : 0
G D ittt U DB D S | NESDEN st SR DU T
I I ' : 1 M SRR U A A i
ST LI L e e CWESORTNG D IBOSHEEA DALNOD T LT
o e e e ety ] B P IR P R " .. e Eatatuhs . = : . : = :
m ST A S S N e W DU S q e i ! »l_r:-ll.-l e




Page 32

EER5716068

No.

A4 NID kX
W DhXQ 201 I OMOHS BAONS  FANSSIYY NADOXQRH. % G T IV

B D BT
* ) *Q ! "o \ anie ahERattlRdl BN e T 2T T
- reushhi0 B i3Z[4 ) 40! MIMVATIOL | M RRSV SRR =S A
(SOIPRXO B 51+, AP, IV  MeNE| SN Cdnva | e nveen , ,.
L:#;M;w IERERRRERREES RERRR RS 2 L FTRVOQTN . T TRODIS
O L R L S e~ v | _ RvQTN . @ N
SESRRRRRE RRRERRRRRE RRRD .iw.‘.ﬁ...z..wgf...m DLYATAWIL. | ANNIAGOAS -0 110 ..,
H: :_._:___Ln_;..?f_?..; % e sindasies INEINENE SR S E
- _,” ! i ki H . ‘o A o ) ot oo ‘ v oo { e .. . ..“. o )
SRR AR IR SR L LS na R RN R RS, SR AR A RRR L ERRR RAE s (AANN DNRS ik
o q M_ﬁﬁhﬁ “.,4 e - - . L ~.M. e Cr ! ' ....a...OAvNMIA... !
L { m + ‘.ﬁ*‘ Pop 4o e s Lo . t ¢ ‘ i 1 ! )
DI t:“JTIﬁfJ.:.T__... mn..:,...f._....\.,_f...f» i
—3- M Ao N >«|0an 1 ' . ' e w P ; ' . voe b P
h\l.* + ..” | w 4 “ .ﬁ I“JT‘«H uux—w Pt _ ' v g b 5« PP B *“_ .o ” ” “ v ” R : * ot - .
INES pob g . IR EREE N RN BRI R RSE EREEE SRR EENNE RS SRS EEEEEREeS o
boaos b o Gy ..;HT DR RN - T B s e s e e ey o e R R B ' .
,.l.»TLM EEEEEN uw.ufm..b....fr."r.l“HH.. SRS BEREE HEEE SR T I ..‘Tv.u-.v..x\wb ' * ~ :
B RN R R e R E NN ERR N R R ER R ER RS RS ) KRR TS PARE SR Pzl P AR A o
s - el ._q'“l‘_w.w.n 1*.*..*4 oo sk by R ..“o <.w“. by e L .\\A‘.\aA “
INEENE R LS IRANES SN SR SRR + e — I IR IR B B JCE SRR b S =
D R ¢ _ O R A P o ) i _ [RRTEE SO 2 7 c h
SO SV EDEN (SRR INRDDIE ISR D Co A TH__\A\A\_;\\.... . 19
P ety ,:?,_«.le.tw_..,...m”m:, DS RIRIEN ~ . : : .
T DO VS B - i b R v e a e e e . - . S I T . ) '
in.-« wN“” ...”" N poeoi .,..%L.x... H,H.T. T e ~ : : : -
g R RR RN R R R RS RR RO NS R RRRRIRER SRR
A S AN L_;.T.«.w?ﬁ i :f* ST P R B
; I ——  BABEAR o e SNSRI U N SN SRS R IREE Cr . .
T "m“ RN IR I RN SR B ”“w_ JM_ et * + S Samas — e .
~ RESEREE SRR RS SRR Y SRR AR RN RN POREEN! iy e SR A DINDOEINIIIE T4 I
. BEEE BOEESRRRES NEREE RN EEERRR R B BEEEN PREEE NNt b B S U e ISR D
' P R T I ! b g s N v O T
i b INESEEEEN R L T e L R Rer el BAEEE. o
c el R RN Pttt M i R e e e B e I B
4 b 1 R R ‘,.f Cobp b P SEERRYVE BEREN jl,».«\ :IIM*_. | o N n
' 1 BN ’ 4 . H .l ol v | ! . i . PO T ‘ b
LT e e R A e e S SN ERNRY Pty
L e e T SyS-afnsspsrch) i AN N PPN IEP "
I A IO ».,rJ...Jf,”.xTr.ﬂ_ e i A .m\. Pl :;Tr . 1 :‘.;..
- ,ﬁu... N = rrio ! R RN 7 00 D N N P A o T S EEEE B e + o &
RN R I I SN 1 e RN Rl g AR N MBI | Gt e e - P
T .Tr-..p INERRRRE A g aeg b O NN P ety RN I DU D (S
IR p»» L -} 4 NEEsasl _rfwl\.. i -t - 11. **H: :.T. e S EEEE RN “.Ltf:w X
it s meb et 4 ! T e, L ; R R 1=+t Ly nasa SRRl RENEE e A -
] boe e e ! i I i A,\\ 3 - 3 - o H $—+ 1 i L |
DN A R S I R R LR - SN T RIN RN RN R 3 Rt e
. ? v P ] .- B it ol P , b s g e
L= 1 SR SRS NS N } t [ \ Hid B 1 T A L. X ) At bk s . F AU TN
- i M.«ﬂl.r -+t y ”.W.T”tx N* - .M-f‘ gt R | R B T IR ETI NN AR I
oty 8 s 4 e N RERREE DR 1 S W SO [ o S R BRI I e -
I A IO ISR Ot A B il IREFEE RSN IR BN L2 ] g . - - Qﬁl L
Il..Lﬁ; SRS AR N S WU\,TA“L..‘.H, o e e s RIS SR SR B PO R B
Rl e R e SR TS Bl SEREE BB Al Srd RS RS B e SOREE REASH DRSNS FEREE R PG .
IS AN IS INDIRINE SRR O N S \\ FUENEOUR 0 SO S ] 5 ORI ISR AT AP IS AN IR ISR SRS R
SRUETDIN (N EPRV IS ARENRENE IS R ISR <IN SRR IR DD DV SO AR HREE R H > : |
f.lbnf|. ﬁ e et b wn - A,X . N N or . " + . R i - b o tund h\o.LL l»l\.PL.ﬁx - . 4 - — I.x.'l..lnln.h_|l|p|x‘nt
T PR SR S I IR e B R (N T ! B P UM B S B
: ) Lo R R B FERUDNDG NGRS PG SRS S
T o > SIS RN I # m B I S i S "
RN IR St SN SN~ DS R A S ISR S v IO S INDES I T T IRPEI T
RO SR S SRR I S S T e R SO I S o TToITmTT
T ” - k- S I S S S0 Waiibiuns ihdbustans MRS SN I St SHDIPIDE IR B
IS AN SRl s N I DA IS SRR SRR _ i R St ntute
bt e - g —— i D s T -
-t SRR ...‘-Jil.li.-lLIi.H.H.i T U FEN N Y S, Rt R R
SN T ..‘-L..HH‘.,;,,HHW“.?..IPf-#.1«lti.:fr..l‘!{:;,.-l..il LITTIT B S
i S Sl O A E D S e e -




Page 33

EER5716068

— e e

No,

. T .
P b 1 <W ! . o o - - e me 4 } . N
s b ﬂ_ ot f b b - !
PUNFOY * . o PRI } . [ ‘ . . .
- ...4_.4 L.h * - boadi A IR 1 [ I . . . . o . {
+ »vk. _ T» 4 - _14 m ,.‘ R - b bbbt oy be A Am b e a b PN
4 IR ﬁ" ot .
be b4ty (SR t “ 1y M v qnu [ Coe . .
.A.‘, ! h_ } { 1Ty LR A . L
[N { Ay _ O R o T i .
L 1 t ' HE . R .
. i - - 4 P 4.+
SSEEEERTRANAA SESEEREREEEaE SESEEEES 3| SEEES
‘.*.qw” ! Oy M :.z,.-fL_.r, A BN Y *
PR M i : ,r,...m .- «J.ﬂ_ «Hnlwl. 4 oeee s e Ao . R .
; ff.v; +N~ i w ~ fr%l. ! bt i TYI*ITI_ P L1y SRR R e 4 i
3 - x.w y ﬁ SRR | ._ * [N 4 _ =t PR B 'w,.* 4.Mr b b b _ N - .
e )mwwf...:y bttt 1 M. t =t ¥ ’ e *
. . N A PR SR SO R R 5 - L. .
Eahatdh AR BN O : b T ‘ , . N0 BY 0
A ] dESSY IR ERS SR SPOUSRSEN SusEN R 28 b
F——-+ tt-t et 4 R t trd-t t
i . ‘e - - .. g - e bt o e d . . N
Sesasagiill el 3 SRkasts Rakasan:
. T SRR NS _ Z : I IR
. 4 ) , bad sy b 4- —— b e - . PP - - $
P B . PR _. i
T R ! . _. i Sk S i S S o\ o wu 1
s IR ) iy ' ” bt om0 X -t = 4 ek . H . vl_ —ie} o i
3 .- b ’ ¥ 4ot - -« +
+ ey ~ g * i ' ' . 4o c ey I :
ne S B g 11 g ! .
i vy } ) 1 1 E
r‘.(e.h i A T i S HO C g
e bt i R SREE. o
= 1 T T ey
- e - p o} Aoy H . Ny -
i ' b RN L4 1 e
- - [ “ -4—¢-1- t——t-+-+ 4 + 1+ adenf- -3 .
rly.IT 4 4 AM t g - o e -4 4 - - " : .M
- +tef o pebd- b t 1 i—
T A 130T HHB L / SN ISR
; = ;
. | _ O N U O ) A -4 411k . IT - - R R
t 4! ; t + gt
] I ' -y - N+ - - A 4 d VR R S Ceol e
- 44 1 B N = NES NS -4 S SR U 4.y o CTer - —+— : + ! ] ‘ 4
SR bl | ' 14 *u .- ‘l..*, SRS i\ + - W.T ,\Nllﬁ i fog— Fopeed r.M - ‘v H “ .t ,.HNATV ..'tx
e 1 o = I i Y + B e P = -1 ¢ \ P e b 1u1w‘.w i M . 4 ¥ ” +
b * Pty L ww L IS 0 R At 4 R EEEREE & ,v.. EJT. .
“ J_M..;IM E%L I ey -
. 1) - -4 - — - —4- L R O T e
el o S N 4 -4 Wu S St e el o oo s b4 '\MT 1 xﬁv ‘ m
AV N0 S U R P S S QR A J N LA G U S0 5 W Jp iy ) L” RS RECTET Skt Mfwl.r -
SeteN it SRR NN -+ , SRR B =5
NI S U * t4 4 w ;11'*. - - N SRR BRGRS B .
s [ i ; | $ + 23 s '
+ 1t ' ' HNBIRTNDES B ¥
+— O O - _Yr.rlhw.L 11 o8 Gemn st
N .. :w; i RIS T S ﬁ»\Y 3 - F S T T S -
f st b 0 O R - L. . I, JURURR ST S
SRSRNBENE SRRRSE uNS (1] B Y
P 4 — b ‘ - L
— LA S g B t—t N Py
. ’ -+ ' I i an Ih. 44 : 4]
tpd s e
e o S S g0 3 +— ] B It e s
: ; : el ; ) R S
—egel g, B 4 s : mA

l
!
!

USRS S S

. i ; O U o S 4
T B S MR | 1
T¢ [EUUNID S S B .ol* B 1 | PRSI A e
ST EDNOUIT U SO VR S x..i»,J_e!W.&l.QL..l Sainainats il o ,.ﬁ T .
L IR R A,L ﬁ B e 1 ‘
LT EE IR S T.* Lo 4 R SN s e - ;“
R i




No. EER5716068

[
I

Aa3vDIVY . O
Sl

320914

- -
[ + .
il FIN
[ t f 1 M '
i i *:&. Fbdoae tfo . o o . .
y ' METDPR A Y Ror- T Wi 1 111 RO . _
11 T -t ! IR SR -t ) O
\ ) ERER ] toeb i _ . - .
DL it id B SRR BRSO , m
1 “w SRy SAiinnh 4-+*W 2. e . '
Vol - SRS S k c
L AAESERR .ﬂ SEES ‘
! { M ’ « E 4 * [ —f 4+ - 4 H ' ) A !
d .ot 3 + L R 4 . . . .
B L4k 34134 : L
f T - 4 44 o e e g s u ot . PR .
11 B | h b " " et A v ] PR
N . e e s « v . * 0
SRl . : RN PSS RGN BN : ..h_. . L
- W 41 by v g a4 feb A pp 4 g e C M s b,
; . : o1, .
A A *ﬁw%, - +-4-14 1-41 ¢Hﬁ. t .. o . oo
Sags LT s A Lo |- OB’ 5
L SESSNETRS R _ g
¢ . . ’ ' . !
i . U_N“.uamnv_mu.. G - ...\.._.m

} : : ¢ ' ! s ’ , g e o - ¢

, ‘ . =+ : : . S 1 : .

F ; - ...b.l <m..vl R I SRR . P . o ! . i . . .. 3 .

I - k. vl Db O I I I A SRR I o B SRS ' ' P . ] : .
.4 » ! nl.r“. L.Z_LH;.S..-H:”;,L_L; [N SN RO N Oy R SO S I I I ST / . i I o]
T ° ) i it ) : . ' ‘ PPN B Lo e e . PP e

. i R TS ;ﬁr*f.ﬁ S T TN R ' : D i ORE+— -
, ,, — bt A - ; ; D | Dbrh i I
M | . AR B TR S S, IS D N . PRI + . T R A ' R }

fﬁﬁ 14 .w‘.) ] i 1 4. t MMWJ,TW_H ' H...‘_r.r‘r‘. [ O AR SN . N e h.d

rT ot L 1T T I BT B : . i . - G N .

IR e e hnE SHNEaRERRNA B S Y SRRAE A I T S\ i

: i T H — - - —¢ 4 - . + . . . i
RREEE pprierpd e HE T e Tl I IO F VS S ; L oe B
| 18 O A Y . | + et v 2 SR S Al e 1 . H. SRS B ) I

B 1n i e e IR SRAREERRE S RS R RN IR N L . . | S

ot » BRI 4 4=t -1 - * [ | i [ i H [ | . PR .k . . Ce 1. .
; . N ; —+ 44 41 . i hoged 4§ P S S [ : : ;o s

4+ BT B S RO I SN S IR O 8 QN N SRS R ; I e e B s A

-4+ - ~ b VU ARE RN rm { » [ 3. EER R H bk Lt 4 P Ta by — R > i
{ +e g ot ™11 i 11 i IS IR I A i il SO | ; >
Ry T EERANS SRR RSN RRREE NN “ RN RS . aasy B

§ 5 R SRR T H i ; i . 4t d 4 N S I . BN S o - SN

b R R R T e spesngngni] by A EuEnk BN : 2 RORRRES .

B SRS SRR SRERN 1 1TT~A* ! ; - m SN S S (O SISV NN U S .es by ot ]

ot e A R e e SREERERS ARSEEE Thds R
-1 |- Prprrr b ESu j L e e
' ; i H . N - P - - . e e —_ e

! ! ! N Lo Y R ST . R g v 4+ P . . sd e B : _ 4
ot it PR SN . S AP RN SO I D

R T ST A B a1 + R R R R L & = bt ' - [ 17 I .. ;.oL,L.Hi:

PR : ; I ORI EUVI MR S A RSN R ‘.
p—+ -+ .ﬁ.x N .w‘. .'«i?.'l‘lvo.ﬁl..u»it.qln .— T |* 4 i “L. %LIL.. Y i | . [, . oA b 4e - R S 2 B e ' U - wnffm‘ﬂl
b el analis G - - N -ttt Ty i N Lo H | '
qu”.ﬂuq.m, ; i »,,.“7 w_ i w_, . - - — — §44
™ i ; ! : H H EEN . - ISPV SRS EUE B TR o e - - .o [ e L

1 T »477_«1* T T L.l,.« 1. A.M b+ +ob f.TFu ,\Hi_ v ; o Ml : ' H P N S e vwi|

...T.ﬁ|‘ 1- [ R - 4 et} I 4 ...w:!!ﬂ. l,r» SRPER - - - ' . . T s o s . CToT q Tl

o b R L e e IR I I shah o A b an AR okl N : ] [N PSS ARG I H . e xLI‘lT.lB..

j [ S o Loge b sejor o 3 = B I s B et S ! . P A ]
AR A ] i H | I BN SN Sy ; L T

T T ; R I ! . = . . . . - " [ PSR SO U S JRUOUS WS
el Sh s R g -yt rw H PR nn,_;._ll.wul.tw:.l <uH.!. D 8 e SR SRS SR SR

B It s o2 Sl BT B S St e S N SO UDA S S DR : e 2D IS IR TR | R AN

uﬁ!w 1l doge b o e — N IR SRR S - b et - * ) ) v R oo o A

BN S S lx!«ll»llo.llolnrp O S T R s - e : H : 1

L : . e H bt : O -
PN PN JUUESUE U SO SUSRS M PR P JRE G - i -4 e - "

FUR SN . . . e e L . 1 ! m .
B T s . P Sobe Ll o ) : DTl

el S CR A e S —— .M ' w. o R S w o - . s - N 1

s el i R TR TR H S R NN e e St

! , ; ; AR | . - o d e e e [ e e —e
[NERORURIS S5 NERINRES S e v -t T . R i - L e = -
T : I S e A N o NI o : ) .. R I U
P Rt I B e e A ———— - - .. - N -t L | ..4 - 1._ “ | N o B T
i UG . .- . e e - - . b .- —
.4.;1 * - .+|v,.~‘l.l|vl.|o\|lll| M M.|. o | L




M 3I=nNoid

v L i } auren
Lo | s VAR ag) EB:EE
_unm_&_%.ms £oozé nu.. T e e TIEAOS FINOLSTD TR OL CTArAaAVE ONY SINILLIERT |
L PR ] tay. 1 - .
[ *H10) ONIIVARAO 173G - = Y, m—— P-EPILS SN Fda AGOR 2AIMTILNCD N E.uou.s :
v AITNCRALNGD MO1H SSYW e Tz o o (b9 HGW YSWN J432 1 IE T3AT S-S S3 d.wb N30T LY
oty SN OOl Q. o BT
Y I T T oy sy, e SR 2 ol e O._.@
: = T 5] BINAUSAS HY QAWWISSY IQ QL BAVD BeINL @W
1817 81uv4 N
£ R K B S i v :
H!E 300 20 JUALVIININON [ 3 ON_ 24| 437N L
T — [ xewasv — o] @
ML AE) AT TRUNGD | 101-8a0as — [ 1 |- :
E NN LI vsans| - [ ]
sk RN FUW sousl -1}
~iv v 13w s | see-oanf -] )
S oo 100 Ws| swz-oan| [l
2 DIHSUM 2PpORD YN — |91 ¥I 1
L 26 &0 0K 1S [ T-vasEISw | — [ wiiv i
$ig AN CALNGD [2Z0-PORUS] — | —| 3
e SYTALNT) 200N | 0w |0az A" 3rwA 6 | teatrvoess| -1 ]t —
J/
b 3
7 u_x
RN h
N
EE"} P an .
Lose : . =
— y -
( 4.0L0 IOMIO AWY Q1) TAASZ M
: D-6beE TN AAL IO ) 3
6 W31l weiad SLY :
‘a - £ o8BS [
] — OO0 L — ' . (oo 2O SRR
3 . I = O0s NOLIVNEILNTDL 3N
a7 Y o o ) . . =
2 o et~ ) £ ,
- <L - ]
oid 8 mﬂ.w
¥ mlis * ' B
9 A HH 3
i ﬁ ﬁ. _ | 4
H had i} £ 2N W
3 ot : Nd TR ladd T VAZO 2
e on O ot ”
on ]
o
oW u\ - v 1a0a [P 5 A\ % .53..\5 X
{1 © 1206a IrL 20T gy )
] [Se2) L osL E
SINKG
-1 wawe s 131100 ¢
4] 1. | g .
3 = ﬂw i
(dr- IS0 LONESW) BT E
-3 AWTANOOY ILYWIHD St
9] ﬂm Eo
- T ¥
] ) ._.u0n_\\|~NmW 3
— BNTIA CHONT TS QU mv 5LV =
E ; N d
w _. v ._.don\’ 3
] . anTYA OIS A" Z.EE 1NN E
H . QioNzI0s QL H
== e j
T N “ANwA .
S— l||._ chlqa —.| - — _— N

35



N m ) gﬁ:&wﬁ_ﬁ. . _ iﬂuﬂlﬂlﬁ.ﬂlﬂ%@ﬂﬂﬂ
89091LS 5 I 2 v 7'
T o 034
3dAL ONILvaago Jeif sovry mliwse - R
v 1232410 43N0FLNOD p IR Hwna NoY [ ow S [ v
MOTd SSYW ] g e . ,
v B MISINNYK ) unnuve 954 l“.“. x“..lmfhu.:!x ﬂ...q..n.l!!!u.-u.lnzg V2 37v0s ’1' /1 NOI1LD3S
TR N G3ul FSUANIHIO SSTN m
= (B | RS | Ceme B ﬂ @ =
- 101-1200- —
‘HE ASSY AQO9 280518 |1 [ 1 @/ MW @w
M. zla ASSY ONISNOH| 0608145 ] t | I :
aiela ASSY dvd ceoSNLS | I | I T
[ EE oniusng | si9is [ [ ' \ P
a]s|a uIANILD ocosues [ 1|+ :
sla EETS) 69091es | 1|1 |
L]a MNIT 1wosits [ 1] ﬁ e .
LEFIE #3a1ds wosus | 1] — . w..
~—ds{> u3IQids UAN 260915 | 111 - ~Hf N /n@ f—
Joi| > 31VAIMIE dOLS »6091LG | 1] 1 N -
1o ¥3INNI ‘30109 | ssosus | 1]y / N .Irt@
212 ¥3ILno ‘30109 | t8091LS | i {1 - Tt 2>
] #INNI ‘oNid | 9809iLs | (] ¢ T . . o
a WFLno ‘oNin B6O9ILS f I [ — - m—— o = —
2 SIAZTID | ceo9es ||t N m
2 MO1d ‘2ain9 | &s0%LS |1 )1 F
> laddod | seosies || o &
a NoLStd| waosus |t |1 4 —
B 13dd0d ‘3a1n0 | 960915 |1 |t M &€ S
02| 2 HENG WINIVLIA roisies | v [ . 1 » > A
EIEIN [mmamae wnises | 2019128 | |0 @ H g
a 2ia $iA310 "WING [T a-w0I SiLSia v | AY 8 A < vﬂ
2] o FTHAINIQ ‘WIS |e-E-2-cotoicsay | v / ) W
(2L NOTIIL ‘AAHSYM 019ies | 2} 2 0/
$21> . $iA372 ‘Lr0da) corsiLs |t | / N
J92f> ’ woLsId 4SSY VIS soions [2]2 | Mv
—fe2] - E MI23s |9Mgorzseisvn] 1] I, i £2) @) (§ b
e2|of 230vds 9gro1es | 1] ¢t A8y, i \ﬁ
82| - ‘03 331 dWO0D ‘ONI¥dS | 21-9€90-2] 1} | [
oF | - M3 190-8073sE1SYN! 9 { 9 §b) _
3 1€ - . M3ydSs S1H #IiSEISVRE K k21 1 U.
2% - YIHSYM | 9ivvozoswNl 8 | B /
€8] - MIucs:|szoeeovzeni 2 | 2 | f
e~ 40N} s-svotzsmi i | ) \ \ /
se |- InN| s-svoiaswiz] 2 | v_ceats S
g5 -~ . WINSYM Wog-SELSISW] 1] Wid Luod —
el - oava Tvas | osz-zo-o9uf it | 1 2
Jor| - oova vIs | scevo-otnf 1| | v
o5 ~ oovy vas | sesoo-in| 1} - !
13- . oovy was | oostio-tanf 1 [ 1
w| - 0> Jowd LSIMHLNOS oniksng [ ogo-v-sealef & (e !
2v] - 00 QON¥d LSIMHLNDS onNIHSNg | oso-0i-s9a|2 | 2 3
e~ u3nsvm | 91saa ovenv] e | 8
ool - m3y2s |amsorseisw| e | 8
e ! : QIS “WINS | p-E-2-r2iois| v gy | o
912 ATHSYM BGI9ILS [ 2] 2 <
w]- ATHSVM | 90096NY | 1] 4 E
b SMOTIE Q3%aw0 | 09191LS | 1 y-CvoRE Sw ¥id Loy L
1% _ SMQTI3E Q3D 19191LS 1 o
Jost -~ IBMAN0T JS6G025W | 3v | 3v
] b
]
LRI ca 9%, owan avaoe
»ERZIZ92’'Y SWILt 9IS |F | - €
o | sws 148 W04 1w NMYVNOZH | ¥ 2-
[Giw W] N 033




No. EER5716068 Page 37

2" 6B *.120 waw
CRES TUBRING

ADAPTER OUTLET FLANGE
(CRES AT 2.84 At 2000 P8}

BODY CAP FLANGE

(AL AN 350762

3006 At 3000 PSI | ROUSBING OULTLET FLAGE
(AL ALY GOGl) 596 AT 2000 P8\

HOUSING CENTRAL FLANGE
(AL AW @06\ 1.GS5 AT 2000 PS\

BN CENTRAL FLaNGE
(AL A 2856TG) 2.2 AT 2000 Psi

CAP FLANGL
(AL AX G06\)

156 AT 300 PR BODN INLET FLANGE.
(AL AN 3 TG@) 2.\8 AT 2000 ¢5\)

ADAPTER (NLET FLANGE
(CRES A7) 29 AT 3000 PSM

2Y 0D x .\20 wAwWL
CRES TUBWNG

1. SAFETY FACTORS BASED ON OUTMATE
SIRENGTHS OF MATERWLD AT PRESDURES
CRES IAT: THO0O PSSV OLTIMATE
AL AN Qb\: 4R000 PR{ OLTIMATTE

AL AWM 2/GTGE: 3000 PSI ULTIMATE

IND\CATED

2. STRESSES CALWCULNTED PeER ASME. Cooe

FIGURE I3 SAFETY FACTORS FOR FLWIGES oF MFC

T)



Page 38

No. EER5716068

- o s e o yo ae

[ Nousaoe] mnnowy sn yaav: Mo

M T
L I -h - +

4oe 4. b 44 b |

t ¢

+ 4

A e e : -4 11
t- .

woIBODL

o s . Loy

} DU
|

@
-
g

T H . ¥ !
<+ 1t +¢ -+ -4+ 4 Y 4 L4 M + ;;T.“ .“ B M : )
S S - 4 bt -4 4 - - ‘ :
QS T U O O S O ¥ 444 S D U U O 0 K"h%f;k RS
R S 44 ; At Pt
H H bl .
H N ; LI e
U U QR G G S . J o R H L4 41 4 4 Ji_»n@_l«!,. : L ;
4+ 4 4 = ol - A - - - — 4 1) ITA.Q. by - * o
. 4
i T3 1 : .. * e
=S 4-+4 4 +-4 4 t e Dhaas
—P . . . B +
N 117 1 1Tr T PR PR
1T T .t Y
RERRAS 0
- — -4 L
+ O m

¥
4+ 4 R A I B § o d. + S
. 1 N o
—p bbb 1 f ‘
: N _ ; :
; ; i 1 BEEERESEEN : e} . DU I S
4 4 4 T i .
H ! et bt .
L L.rtry.r [
. 1! i : |
GRS TS WS S S S S R S 8 Alx\ﬁl —d »'t_lll.f o4 Tt y 4
T AR S IR TR IR SRR TR
i 11 T TT T [ i ! .o
T I B I \ R M
T - T RERERESE R
‘IAT,l JS S [ S s [ VO e g O e ¢mi. 7oA e 4+ R R
1 ]
- - B - - e i - ) t b} LS
T 1 ] T T [
4 - B G S I A S 1 . H w ,
BEER SN BERE T T JEEENNERERENN N
NN RS L L [P NEREE NRREY4 P

b 113
+ — a8
]
T

.
|
T
\
,
i
+
|
i
;
S
.
SRS SEET I §

- + 44 4+ - S T [ E5 o T G S A A R 4 A. bt 1 -
L. 4 4o |-} 4.
] R S - A opop gt - _
| 4 44
4 - i
i
i _ G i e . IR R
} + i B an it e - + T : ' o
L ; R - DI B
AATIaT ) I PRI SO S TRUONS VT
. e ode = o - -+ ! . : 3 ik
v g ﬂ& b T
$ ; ML rlﬁl_T .- : + ety
m i : - B et st SHEE Dl S o)
i + N N e ey : . .
i ' . 4+ g + } AR sl et ._
i : ! g e ' N SRR R
* N ;
i ! ) r : : . . PR - SNBSS A e |
51 T . MmN -
T i ' T X . : -3
- ; X I | } 4 . _ . B B s st R Sy
! L WO A .
! : - : YH[;T,..J.P I SR S
_ - X N eacl
1 T v . . i o P
R L 3 . e - ‘ [ S -
i : Cen . Ll - .
i W . e -+ - . - . . - - . . - e - d
| i - _ - o B
! . b RSNV S ﬁw- R . :
: | — T T R e e e e
T T RV RIS SHNY S J T e e emm e
i ) DS S SN S : R R :
. - — - e = - - . - s e k= —
. ; ol R e R .- | ~
| ] H N PP Ve R S . - . .. . . [ !
+—+— + + , | B '
Ll H ;i




EER571¢0068

No,

|

COND‘\T\QMS

oisd %mownmum 1¥)1 00 : _ _

— Wi-%!l&!t - % | \Ww,,afmfii||%- -

* PRESSURE ENTERING CHML: TOQ PS\G |
|
1
I
i
|
|
|
|
i
\x
¢
4

/ — .
. P
.

L
e
P
-
o
/

_ca_c.e_uTcawom.;.
|
)
-

-1
f
]
!
{

: | siaT
CAOSWNG
| L
‘ \ |
. 2 '9' | |
‘“’I‘M"'r\f desn,
— FARESSURE. DOWNSTRE fyv

i

CAGE. DURING ROTATION

15 TORQUE ON PROTOTHPE

E\GURE

i

t
i

1

!
i
\

¢
!
]
i
!

i

’
AY

{

t.)

e

{



No. EER5716068 Page 40

FENCE

1\\ -
‘\\ )

FIGURE b PROTOTYPE CAGE AND CYLINCER WTH FENCE



No. EER 5716068 Page 41

CAGE

\ . — CYLINDER.

FIGURE 17 PROTOTNPE CAGE AUD CMLINDER WITH SHROLD



No. EER571.008

- VENTORY
FLOW METGRR

':‘::OGS'

RELOZDER

ORIFICE 660300

~S L 13 TUBWG ¢
Y\‘L/ 'j_fji; — T2
L
S

Pace 42

B,,B,, 8, 1" BaLL vawe

D, , D, DoMme (LOADED
PRESSURE REGULATOR.
G‘Jezh 65 n64 : PRESSURE. GAUGE

Gs* DIFFERRATIAL PRESS GAUGE
M,y MAND LOACER.

S SOWENOID VAWNE

Gl
AP
T

J ) ¢
LN 2 TANK ‘r
Lo,

FIGLURE IS SETOP

FoR MFC TESTS



Page 43

EER5716008

No.

: JQN.ZA.OJ - al agnend

e i iy € R . .
TTITITTT I BdRA0idEd | 2 SR EIEE U SN IO
SEPRERSERE EERRNRSEH B SN kel RIS RS SRS
NI . e ke 4 1 R N _— ..zi . - ) L f )
SRS SEEEE FEEEE RN I jg;w Coy
e e e fme iy .~_ b& - - - ¢ - - Lo
,‘.4“ . SN O + [ = * Adl !
i | bl | ELINE o :
s =y ERERSEEEREAREE L RN R

|~4— H (I h 1 eyt S T I W . LR PRI . f e N .»
R R EERE i [ P | e 7.5,
S nesae R RERNE -t IR DURRRE R R ERE
|- { _v b ' - 44 H L.L L:M [ [ .H H . H . M ) . e s o .n.
- Tww. B! N p. : 1 N R
M ; [N BRN .j Pt 4 M Coa < el
T FH - ; T

Pl } $ ] . . P
I{xlu,wﬁ.# i SEEEEN D
SERNRRERE Ry |1 . :

ARADIP T IOV I
I N
: O R
B | . ; ches
il SRR 1
1#.%‘”_. w . + Ll.l.‘.*..»,g
] - D DU A
e iis Es BRESRECE 4
i i , BRI WL j—n.
I.hlllvl+ . | | , LS S S U
.“..11 . «« m“.ﬁl. “ “ * w M J . e e e ” -4 -
- -+ o - . 4 s _ _ _ | n»l;
) : iz LIREEIES R TR mptin i sl ol 0
ji i B S REEs SRS Nl 1
:T”',~. i +H.* - $ by ,q
-t At et R i A |
STt DS T
T ¥ - T H ;
SRS SERS: pt i
BEEl | -1t T T
- ”:mL"q %w. E q o
S A I i |1 m q it :
; i ..T i il b [UR A S, yw.*T_T...M. M
i B S ORRRS Bl sty
! " s b - w..ll.T.;Tlfzr.tl_q4 .-
: : DI PIENDN RIS
- ! FOREARES DR
s RN A P . o
| : B LG BREeE B N SR EREES PR
Rt o S ” R ehahut NI B b BNSaSs Fhiaaie
——t .Al . . O
ST SOV lv.+|1 J— . BEREE fore
N I + - &= -
P S SO o e =
]’w‘f. “Ilvywt.lf\ et s e md 5? e ‘.
b e s ) DSy , =
GRS Gt BRIy IS . ‘ — e
X : =
. S a -— - . - . . . : I
ekt et b { .Alviu.f.v].r‘lllgirgml_lv, LA_
- lbwl' = = La . . P .- - ... + }*.
0 | = ‘ _ D ) P
— o .« - P e s i It . M P ) : " : : T S B . ’.IL
o SR SRt et EEEEE St Shutl Ml FRERE R
” “ ” ” ) ‘n‘.llﬁ‘*\!*v T Tt T - i - - ¢Y~ R oty To SN . N . - - - wl ) i CooTTv T )‘llul.”ll |
. e S S | |
o F ..lﬂl eIt SRR JRNE S .
PR Lov e e v -




Page 44

EER5716068

No.,

R e e P UG R Gyt e JOQ_.Z oz AR
i ﬁﬂérﬂ AFLAO, whmMm | AW w@:ﬁ«.& iwk SA .w&owwu&r ao 3
e ' . . S
cee by b L T A R © Am k.mnwmim.r,zl..i oy
SRERIRNSTI Aty ﬁ.: RERE PR e ..w?B,.E AV 4an -y S | S
AR _*w. s MM m « M.,..“ 8 V<“4A BN G ”. . - . Lo . .- N !
ettt R EREE S BN I DO I L ,..*...OA*_.HUN.,M. - S
A T R e LR R ATEL L RERERits RRREEARL: SuRBRa anth DR anien NS RS
ot o. 1 o . N . . - apmpc " ’ T .
= ™ , BEOnSES BESES DE S IS DRI DNDEE R . ] B cooe
r 4t ot [ T 4 ! ! ..h L : R b L i
..H ,'.”r‘. Ly H .*_u... 1 N TR IR e r.u O A (T ' ettt Pt o o .. .- -
S b e L g
- L} 4 S [ I 1 N i ‘ot x_I lvlwi..‘ . |_'Yl. Lo ?..... P - — ‘., et M
aisbuliad EESS RS ESdes sanus Desss SEnes puEE EREEE PUUEE FRORE RENEERTEEY I NN SENE- 5
R RT R REEE SERRERE ERRESEGHER SRERS FIREY FUDEE ENEEE EEEE SR SRS SRS rme
SR o s I Al B o i sl ‘_a;:..w”.JLx N RN I IR Ve e R IERREEEEE SR : *s
R o O o B B IR S M_ IS (RPN AN DTN AR AT AN SRV R EUEVENEE EPEP : Peem i C ]
[ dacp b R BOS0S BEEEE S BEE R I b : &
; 8 BEEE . - - ; L C
5N RN ERSSE R R R EE Hat e . 8
- o HO8 DRSS B | A
Y.M* .qw.q L N SO T "Ag
..Hi”.r 0. BRI B o
I .l. I A
RN LR tod= § 8l 1
: N i .

us

..'I

U F
—

ARAENS
,
;
!
RERE .
I
r

i
s - 4
L4

by v or
ol
Q.
o
Mo 1

-

‘

1
1.4

A4
P =
|

T
'
4
R s
¢
|
i
PO URURSN S T
i
.
.
-4
I
—
t
]

+

T
T
. _,__,{_T X

1

i
i
-
T

4
‘
.

s a1

' , ‘

S ;q
i

|
o

1
i
o e ad

T

SO P r e

o

.
-
_¢-—+-
TSRO SO
RS
T
b e
.

-4 4

00 AT B I H SEE M
O B P 44 .- - t : ¥ o ]
HMHL»(P.«H T ri IRTEIREEIES SR ahts e s S
O s A n B Bt e -t I P
P o+ Hl_ ql_ . . |...,.v.
T * i + : : e .
ST V i
R R R e SR i sis S L ai :
. NS ol . i PR SRR U /. W
e s Dl . i . n
i «
! i
! -

3
R e

IR I R T e e

TR R S O el i i

[ J N e

-

O J N stk il

]
+ ;
1

ﬁ.Y.P.rlt.+xl J S

- 4

e e R S e

T
T S .yy.!...ﬂll‘.A
|

R sl 1

et A P e e el

: ‘ I;ll»llll§l||ll
J T S 4 4 e e e ' ) |
! ESRUUIIIURY NRUTNPE SIS s -~ ;
e e e s Do L e e e i e ! ; —-
. ) P -k -
JOUU .- — - T B - . ,
1 ; s - 1 L ; C e !
o S D 1 s { - - B R S
e SRR EEEES S ,
: . . - = P SN -
“ r [P S SN [ ' e B
IR S S . : ! : Ce
S A o T : : 2
S L T bkllp o —m—— e ,v]‘l_vl T - ! ) . - w . i
ﬁrJ R i i : o A S - : : - | " - L
. - e — e e - . C e e e e e N C e e : N R
[P pe N




q

@

Ay

ki

.‘i

o g b

lA»-;.» i P

..1._,_
41

]

e
t

=t

_;

heas

et b
h v
+

deand

L

- g -yt

1+ <_§.

|

SR

1
e

S T

Y
1
o .

]

4

i

-

R

- ...1 —

‘L

"'»
"

S

Tosdl .

B e o - 3 = i -es - . . . - o bty
[ R N I i H L M s

T N
Pttt

-

|
i
|
1

t
-t
4
>
-+
L
!

i




¥

_Iw =

Y
~
M
[«
..

f

T

No. EER5716068
cev A

Page 4¢

INLETYT TEMPERATURC

o ANLET  TemMP ~ °F
; o §
vl O
! (o]
_{

jg:
|

TEMP ~ °F
W
0
-

QUTLET
L
N
8

CUTLEY TEMPERATURE.

e L .

VENTURY 8P ~ IN WO
- E -

|

lf i
Hh‘n‘kw\*‘ h\“/\i‘ - Y \ P\ / ‘ /'/k " &

PRESSURE. DROP ACROSS VENTUR)

,,.0, For & e,
IEURN - VS A A
v

»z, "\ 7 o l‘/«,l " % AR

FlowMcTER

9

OUTLET PRESWWEL ~ PRIG
Y
[0}
t

A .,

CLUTLETY PRESSLURE

I I S S N R B

———— g T e

FIGURE

8 9

\C W V2 3 M TIME, sec%

R —

22

' RECORCER TRACE OF

r——— s ey e e —

TRANSIEAT

P&EPracusc 'nc~ MEFC



Page 47

No. EER5716068

T s it -

1AVdWOR | €7 30D __

i

i L) .vA.” ..”_ [ .
B . [ . f i
lM. |+._.~* *.,h { &L..~l|mzﬂL"..»4o..Ad. . _
RTINS oY R UERER I8 19 C Co ! ' '
‘.h._xhhh* by e ..Mm . R V. . . f { M
! . . * PRI v 4 s . e - P . - .
SNERRARRSARRREEE b R A EE R IR ERAR R
01 N ] SR - ‘ PO
T B R EER) EEUES
| 1A ] } ' bt A_H .»lwn.. ..ﬂ ..hu A. e . . R ! ' c
(ENAY .js i ezl Baas SEScdiess SURTC SRESE SOV EERS
VU O A Ja EE [
.H_.L‘ 4 - 4 b oe- .
BN DR I
* I

—tt I

1

+ [ . o 4 o
SERE IR RS R
| 4 4 . [ 1 .
11 ALl EREER e
L e
IR QPO S i 4 :

— b

g

-
T

]
Ay

T

—‘*—-v~o<.
.

= v a=y B ; i.ﬁﬁ.ﬁo

1 + 1

I ! ! I
SERE SRENaNE | ﬁ% :
- _47471 - .*r.*_ .
ce-d S .rmyun,w”‘ 3
| Ly | - 1o+t

N 114 b .M t H ' ;.« R lr.w i P.* 1. !
IR SRR A g by

L Qs

11

f

'

-

~

‘... -+
o

F NN 5

U.ﬁ ﬁr

VU TR T RSN N .. e 4o ol -4 i et B - : ,_ . . : _ .
i i ¢ R : + v " ’ I . e e
- 1 : : . : i . BRI : . E -t . : oo P dechy O .

pAFAEER [ S B S S N I R NN & | S - P ;- ,

[ SR
.-

+

.
L
!

+

i

TS S
,
.
A

+
8
+
1
t
T
i
1

nbenny

i
TGUNTDN RN o
i

iy

R S

e e ks e b

P : by L .. e . . e e
e d - - S ) ﬂ

ove——

R fir S
e et

e - R e &

T

R & e b e g -
= . : . : e e
. R IR e U U SR R S St S

DG R o
+
$
I

i
.
-

s [ S —— .l\ - A e

B s Rt
I
+
L
+

[URNUR SO SR SN [T di e g -

. y. _a .L,
S T.NB TEO Wi Lz DHLM
e Bt U S M ddawwmma SA3NLN0

. U S

: W e ey SR SN S
. \«l&.IA\v i ) K

USRS SEPIIORE S i

i
i
+
i
!
|
i
4
!

'
‘
+
+
¢

DGR T FRSESAR: S ) . .. R -
I RS A PUSRRDE SESSNPESEE S S b e . e B B - o
i h - > ERE e e T - b b e
1 e . L DU, i - - .
N T ||.n,‘.5lul..( . ‘|'1‘A||...6I' . . . .- o+ s e ._ e re .= “ me e e- - w - . . -
SR S - ! P e . . s
SIS S SSDISDRE S . ; . . e - e M ”




No. EER5710008 Page 48
Rev A ’

! ot SN e T T T D

OUTLET. PEESWRE

‘0 t+

v v e WMA\,..JMWM i
o + ~\ A ~ 5 e
: P ' : hs e : e

. , _ Wt ~ -

Aarngh o, g ~,
S nwae AN I e J./ 1
17,

IMLET PRESSURE

50 v
INLET TEMPERATURE

'\
' . \ /\
100 A ' 4
| ' " \\/ \ _/\\\L
'¥o o S : ~ -

200 ¢+
50

QUTLET TEMmPERATURE

100 1 . ’\
3

150

\\______"_ /\ 1

N I

25 ' Z 4 5 =3 8 ) 1) i 12 3 A TiME, SECS

m N .
I o v .-y T - - - . — -

20 §

4&—
T
n—
_—
b

FIGLRE 24 RECORDER TRACE FROM TEST OF PREPRODUCTION MFC



' \000 T

800 +
| OLTLET PRESIVRE
y ©00 A
!‘ )
. 400 ¢
I? 200 T ¥ !\ :
; \
! .
R S R '

\000 - 'O
) 122 N e

800 + / '

<'f/ -

f wo 4 INLET - P_ES.SSLJBE. )
!
aw +
; 200 4
)
"o

1000 ¢ £ T
[ —
- 8co0 4 -
' PRESSURE. 1N . THE
l wo 4+ SHWTOFF  PISTON QLAMBEIR.
] .
; \i
y L
. 400 1 e e e e A e e e
j
) 00 4
"o

M
\ ENEBRGIZED SOLW\D VOLTAGE
l'- --\“, I/‘——.—._ ]
T P& BENERKSIZED
]
3
)
| A N I [ I N N T O O I
A .

FIGURE L5

No. EER57160c¥

Bev A

U
®
Jn
¢4
N

.2 1.4 e L8 20

RESPOM T,

22 24

. TwmMe, secs
Hz MmFC s S/ T

Qe



\ i

LI/ OMIARYA M) FSNSSTAT  LITLNO
AL _

S

+

i - men.m, S— R R

R s
ot

P L L AyaETET : ) 9 co - - o
gried OO . | IWY¥I 1n0qiod

- t
Fo A



- p—
] I

NS

. A.w P R T
i 3 U.N&.x WUE:LLH.L- fy
; P b —— . o : :
|“,-L~! ' TR, 1.01_? .fr..l..li P
H Tosd i t !
Y Db e il
s degs : PR e s aak R SR R
tooa i HEE 1.
b, JL L m ) [ T I AUR  GR
T w\ 1 : Ty ob 1 . H [
4oL 4 T I NN AN Y P URE UL JUPOUS S S
Sy ; 1 LT
b4 1= . g - B e SR S . . wa
i ! Nl«» TeyrTTs i
T i Skt i R I
oot - T RN Y TN -
Ty . T‘_ sy der ier e dl B SRR -1 m‘< ' wo‘T.w,.r I S
e } H + bk e S .n b - : - i
Ty ‘_ {113 “m Tepeberd Bpoba .tq.c.x.f.v~ﬂ‘
o Qg Pl el o D
; ; : ; ot B s G T U S TR SO P PSS S I [P S, - xll..L
H »— oL ' | [ R . ~
a1 v f IR ] v i Y M —r-
1 ..q--mf.ﬁu.- s s o 3 -3 TPJ *to..qti S Fb vL
1 - > - et PR & - a-Ld '.J.'.a.IAJLl ||~ i
' i i
e T
M . TY.LI Ranab b ot lx_rlu.lw +- 4 v«.l“l..- . [ S vIF c—
¢ X : it Vs
S . : ’ T = |000:Tl_} —
. .. . _ H . - et b o e o oA caveg oy
H T T .!1.‘v|l b : .lh._u ‘ _v
.w. .u il'l.TIcl;.xqri!o»Iu. $omne "A. — - —— - .m).. N
! . vnrl". e s cefe . _|A col o
‘ i m : = bbbl
: ; \ ey : : ﬁ, ity e e
: H JONS N i M : ; . -
eed g - i Erioropr f et bl el
: .. v Bl B o pedemed b L ML
- ; SRl R e ] {12
) Il .
i - SN Py
be : T Y
| H ;nl_.. X.T.a”,."
: [T H
¥ Poobed bt
i IR SRS S
f N R I
1 SRR uE bus
BRERIRE H 1
, T S _;waf
b Al L
; } 4 1
! 1 1 b
4 Lo L
o L !
3
i

MR
-+
- !-{_

f
bobde

i

i
i

U S

R NUREFUA.

ererpeet
eaen

i
Log..
-

TR

1
-

-4 |
H H
i TT T
- - CLET _
g i T ;
; S FERSRRERRN S
.o el S L st -
AW vO El=2) g A
= H 1 4
P ! T M P — LS G Y

: Y} -\~ ;U N i 7
LT LA RO RNY, : ERRRRE R T o
SR SR o e e — AN IRTSRTIS S A T ]

R Ly bt it bl A .
IREREEP S bidi N N N N % R N
boroi b pod ! n..l!v\.n b A ] ﬁc_.lﬁb_ﬁ.? »ml. T ~+ H -1
SRR SIS RN S 0 P S A S AR I IR I WA :
e : : ot 4 -e-t e i : I - i ,., :
5 ey e e .
L P, ;! ] : N ; X — = :
BETIEI S M~ AU T T 1 .
SRR Re) gRals BRSNS R asa e n ey AR ERRE RN,
R BRI A N L e i o 1 T P Rt amdalan T !

i g Ly . o A Hl IR N ; :
i Fegerey s B A0 AT S AT B et -+
it B Rt S S L A ; ; 0 ISR ATIE AR SN I I S A L T

-l i B N ! ! = 4= 1 :
S e A T R T |
! I 4. a4 oo M
e SREEN B ulings H i L RN NENREN _
7 4 o . 4 . saa R Lo S RS PE -PY H 1&-40..1 8 S o Iy F- .
- m M. *% b b S L0 O 0 R 1
; v T T N R i 11 =1




EER571c(c8

_ T T T TITTYITTIT
o , H M t H
: R T L .
. Ca P I o ) :
u . H - ’
o NG WYL THDMN $EaTIeRLmen tp .. Ll .
‘- - R -,8 S| Ny A . A ;
_ jys ) A A DONILNNS I BNRILVIBVA 7 TRNDIA ; |
- «., i ] b @.»yzuhyld‘*_ ,4?~+;t«?f+*. L 4 ‘ . : s
~ Py Pgadoe s f gt + - N X : . .
SHESRRIRRRRE ISR RECash SERRERERRE ERRRE Rt AR ERRRS FERaE ¥
. L i Ly . C.
1 Hm v LR *.._.w. H*.MM w%lv\‘4 «”.H 4.4._”‘ g - s .AH . ; O .wll.‘ O
_ Hr‘T |w *.M> WL. Lo peime e + |+.. 5 ﬁ}H TR . b .. .. ee b e . .
L -4 b4 b [ S R nﬂl«lf} I T N Y 58 L‘_. [ . ¢“. et . w , |
M e A E eI Hnmnzeaniou ) FEANS ERRE LSO SEEL cpnet EEELEETPNS HENAFS
s e e SN REaRd e e § bl SESSES o B
|- 4= + RN A BNkt iR H i h P S e e et B e R |.ML,IATH . ) . N DR I W‘ P N
i.” “ #.LT R I [ T U T TN bt 4 RIS S ) Lo zv
saidl . A ERE NS AR ! i . I
nE.
4 Ly R lxa B ..IM PO + 4. | 1
.w -t _m _j i ! ~M Ln‘* .T.Wq.uiq- lL = M\«l\ —b ot o P
L . vh. Do ,...L&_.,'..T«vwnhv ., Fl.*‘wl\l«« T ! .wl A
,.r;.m_ Lo SR S | e S ..1‘“.‘ 24 ey
.T.Mz.. e e ..wﬂ.vf - s -1 . f R . .
b e IR U R
_...* [ e x+_Y9 N IS S S o ; a
N " R R 0104 ” H \Hﬁn. ”_— « s e P D .
SREEREEES BN RS Eae Bl g
G Ml | T Lo e A
| | ISl R T R N e U I .
RN 4 v Cebe i T de T T T o | ode . | — .
] i - Vil R
T T
,H”A,x“.‘ﬁwﬂw W¢. T b Iv..h..bx , 4o +y. M"4 S aniios SERLEREE
T . ) . PN SO B VPRI .
e “ 4 ”xu.f‘ ' m *‘ — -1 — 4 »w . o «.Jvlurvw uTv_ﬂll.N.lAl m'u. i S H“ W ) :
i xqr'wl_vl,fnl ~|k .— M i - 4 . s m - o le PO
r . - 44 — } L . et H bl — e .
! . . I g " “ a 1 _ 1 t 11 + R gt ; . -
o T B babeddoee Lw._ M i REEREERES DS e SRR
: | by - R ~ Lo . . Y HE .
it EE R RN RsE s Rl b iridg oEs SESAUR RURERSESS RRNREE
D T e R e EEREE
i b S -t = SEEAEEGEE RRERE SN RN RS S
- — + . : N . . [ ;
IRIEEEES BRI R R T e AR T T
: 5 Y SO VNS [ SRR W PR ; g aman o .. i .
Eufnaat. Sednusagsabuies ANRRYIOCRRRRR aboc, YRR B
: ThHH ; i ! iy JRUey. SNF N SR
! T T £ HH ] ,+-4 w ; +4.IIW R Pt
, i 11 1 R B A B s =~ i M S B =
R T T T T e
‘,,HL,LJ- T L S i i Gt R e e it B
|| l.\ﬁl«!ﬂ LH,;, t ‘Hi!&ir ) JQI.W .1 Ha .,1L B R AR B ” w.l_l.?.m.l. s Sike v
T e e e
I RN DR IR R R R T T : T
SR it i S nasns S5 SO SESEE MRS e s IS IR
Q . > : - e pedada
Rl EEI T S sl st PSS b e e [ ST )
pt e el =L RIS R RN R S A U SR, PR
o - S , *
.:lM.J'.Yuo {..I4|Yf g FL.. B e et TSI f m o vt - b s o e .-
s d s N A AR (U ..
SSTAIVON U SESU SEN A SRR MR S S 4 R DI A U ; i y.l o
F e A — et .L|l.l»|»LT SUUD R ' “ t - DR SR R o ] o i i
1 T - - - b F R e B ' P TR 4
- .‘ Ml.r.‘.,,., ‘l.«\..ﬁ.w..v. I S SRS S .. . ‘(..l;lw .... e - ” L. S R .
. R S FPPRER i Lo T ’ ) i _
- ’vﬂ RN - - . - v_ 4 X n” ; N
A SEREY Rl o -l o
SR + B R e e e e U .
ETND L ! R EE s S SRR R RSP SEPah Lo
: - - - e -

B T T
i

sz szof_uznu LTITIITRIIIT D et e e e e e




BEXK il ob

INO,

— . v e ~——— - " . A.\.!l.
4+ e PRI ] e i boroo ' .o PRI N .. .. . . - e e O P j( .
F R N | p o N b Cea . . NP . R .. . . . : . .. .
F 4+ 442 4 & = R | _ | [ oo ) 1 os 4 a4 . B . . .
‘ﬂhma.grf._?'l [ vy f ” FO S + .. g ‘ .
4 L 4 L 4 } g T o ek e BRI P - -4
1 T m _ _ . : ,
—+ 4 4 ; i\ - g P } A PR .
T Mo Y DIRWHIBIA | W |\ o Cagnend
- w LA,. i K i 4- ﬂ _ * . - -1 ' ot e R S PPN m FIN rhv‘ P '
o -t T ' e A * T B A
- 444 4+t 1 4 t ~ - 4 - - 4 ql ﬂ + f—t- toeo ~. PR gt b 4 . — . . -
b+ 444 4 4+ ..L PO e - th - -+ 4 ‘..gluf - -+ b+ s +4 ﬂ-wJ . B P PO ﬂ A . . .
- HL; + 44 * 14 4 + 4 B AR IR ab o SR S EE TR IR IR . c .
-4 «.ATT 4 4.4 4-4+ I A R + <+ +-1 + - T N To.A_Jc.J..!a..... YO boe .-
R - . t e R M B M g -
D n* $ 4 bbb+ -t Lh N 1 nrw H + ’ - m . IM.L vﬂtt» 4 ..‘.&..A,I,TL I T ..H [P . .
b - 4 - - —} - ! [ o - 4 i S AR R + s VO TS PR A P N . . IO . .
4t A 44 T 444444 {14 ﬁ an !II-.TT-:-ILL‘ - i .T = -4 R e | N S 2 .
”-HI. .M) ? - 1+ = - -4 H 4 - .«l B R H S t O k »“ + b bt s—bd ad e . PR o .
H I ! i H H — . . p O
o | i ! IR . = N + * * i L4 -
44 P TS SR I i i ' 3 .oy 4 - . W e e e . i . .
"t - ,.A_T.. - 2o 4 b i m - :
han i i ¢ 4y T
i- .Y W

e

.

Y@
4

I

r

T

lw

.

ol
5F

|k’
_¢‘
S S,
+ -
PRy
I 4l
'
nmdl
4 bt
R R
v
S
R
M i
triy
D P4
T
b tot
0 W ..4:
Lotd
L
i
=
R
St b
bl
.t,-
4
t
i
!
il
i
.
[
VSRR ST
. + &
.
(RO en R T T Sy Ty W S S O
iy
J

t
N H | i I—— i $ .
’ +
.l')h L. lo4 ».”. 3. ' g - 4-4 -4 44—+ 4+ - .“ ]w._ “+ ...m ‘M;I . = - - N .'mu..
_ INR N L o ie AN T DU I
bt —4- 4 434 S -4 4 t ~ 4+ 4 + - g g i— |t & b b —4 =4 =4 -t - 4 = b e DI S
.l-vw.L-L. N iEA A Bl H s e o= SRR oo s g
-1 4 B {4 . . RO N PG 0 S ,,#l.vtl | e el ol [P AR R B
. L i —
bggp ~ + Tt T qgl.f!ﬁ e
15 i ia 4 - 1 00 T O 0 G = +4-44 - PRPREDI S5 h. (N H fou
. ; * b - -t e TR EEER SRR [ - .
i ' .
| )ﬁ ded-d 44 444 4+ *4». RS B ; .-
L
.a. 44 VIR T P S8 [ r*,J B A A e |
| L ey i
M L s ANEg BN IRNERES J.bd BREEE .My«._...f
o N NP T S A . =] — 4 e — 4 - 4 IR T e e
- i P " |
et -4 4 T —y « b e g - 4 oa 4 R I T R I ke
J S Y S - et~ * v b 1 op -y 7* + b ot 4o~
. dd . 1 - e [
= e 91+ =
JRIDED DU DR OGSy B G S0 S SR & dodsty R S R S
dd i B T R S R S O e R e
R L I I B B i Ltk
s A A R o s e R N RIS s ———
1 s H i + H i 4 : 1 N ww 3 !
t y t + ¢ Y ~g-
| B e N g R e e
M L4} TR - A T R R IR o e e o I s b RS SRR S
M 1 ' . ' i Do [ t PUROU—
RS YRS EEE RN SR U SETEE SRS RN DRSS Ruses DI B
L 4 - “ voadoe i B e = SRR s SR ~ . PV PO
g b T e ; Lk i} s — H 1
T + b ; R ' LA T T i i M [N
" — RS I S L Fliood rog by b e e e
.l N | BUNUR VU SO T e L e O R i . e ]
' * Y ' ;
[ W N N U ST U (RN ST B U EEPE IS S B e - - P TR S
et e g e e s e g 4 . PO . NSRS SNSRI ISNUNPURPUY S | - . + e e
: N — ; ; n
ENTOUGI N Wi SN SPEETORT S PR S - < - - e - - R - ‘
SSGUI U (S PG - R .. - : ; :
e e Ll‘ll['i*l’\i - - - -~ + 4 4 t . - - - - N
H R .
oo e - T H <ot . : . . P
_— ; frm e rm e anieiline el feee = B
el ‘IT P ~ . B B ce e g . - - - . + — e e \J“
e T I LI S - - R T e e e =
: eI R B - A S e N S S
o Lot | R S A U A U
t | —




No. EER5716068 Page 54

LEAKAGE , SCCMm
(TEST MEDIUM : GNy 2

HYDROGEN MFC OXNGEN MFC
PECSSURE P/N BTG0GER - 10| PN STe0E8 - 12
EXTERUNAL PS\G SAy Ol S O2 s/ O A 02
LEAKAGE
CAP FLANGE 1000 Yo 5 8 a
2004Q 232 5 \5 56
HOUSING  FLANGE 400 <\ o 2 o
SOLENOID VAWVE 3000 o o o o
INTERNAL
LEAKAGE.
POPPET 400 /0 34 365 o000
1Q00 330 420 1140 24000
2000 A5 1520 2315 40 OOC
SOLENOID  UAWVE
ENERGIZED 3000 o o o o
OE ENERGIZ2ED 3000 o Q o (@]

TADLE {

RESULIS OF
MASS

FLow

LEAKAGE TEDSTS OF
CONTROLLERS




INTERNAL (POPPET) LEAKAGE ,

INLET Berore
PRESSURE e
o qQLES
400 50
1000 330
2000 I35

PRESSURE DROP THRAUGH

o = 1400 Pst

Denstte o GN,
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SCM GNag

AFTRR
10000 CHQUES

45
500
\300

FfULY OPeN MFC

AT RATED FUOW

AT MFC ounex

Q’:

TARBLE 2 SUMMARY OF DVT

DENSITY OF GNp AT

| ATmosPaRe | TQ°F

TEST RESULTS
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No. EER5716068
TEMPERATURE CONTROL TIME  Reao,
CHANGE , PRESSURE
°r CHANGE. | Secs
£
HYOROGEN MFEC
SNG0E8 - \o\
s/n O\ - 170 -23 0.8
S/n Q2 ~ 242 -25 .3
OXMGEN MFC
ENNG0e8 - |02
YN ol - 132 -20 0.6
S/in O2 - 125 -2 0.8

TABLE 3 REIULTS OF THERMAL RESPONSE TESTS
MASS FLOw CONTROLLERS

QF
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3.0 DETAILED TEST PROCE DURES: L
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3.2 5716154 Inlet Adapter Proof Test ¢ ¢ ¢ ¢ o o o o
3.3 5716155 Outlet Adapter Proof Test =« « « I
3.4 5716068-101 and -102 Mass Flow Controller Assy.
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1.0 SCOPE

K4

This document specifies the test procedure for the Mass Flow Controller
(MYC) Solenoid Pilot Valve and Adapters supplied to NASA Houston for controlling
the flow of gascous hydrogen and gasecous oxygen propellants, PN 5716187,

2.0 TEST REQUIREMENTS

2.1 Tcst Facilitics - All testing shall be conducted at the Systems
Division, Parker Hannifin Corporation, Irvine California Facility,

2.2 Test Results - Complete test results data shall be recorded
for cach acceptance test.

2.3 Environnicntal - Unless otherwise specified all testing shall
be conducted within the following environmental conditions: ‘

a. Temperature: 75° £ 20°F
b. Relative Humidity: 90 percent or less
o Barometric Pressure: Local Atmosphere
2,4 Test Media - The test media uscd for acceptance testing shall

be nitorgen in accordance with MIL-P-27401,

2.5 Jolerances - Unless otherwise specified, the following tolerances
apply to the application of test requirements and the recording of data:

a. Temperature: % 3°F
b. Barometric Pressure: * 5 percent
c. Pressure: % 1 percent
d. Flow Rate: * 2 percent
, e. Leakage Rate: + 3 percent

S P36 870
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3.0 DITTAILED TEST PROCEDURES

3.1 Solenoid Valve
3.1.1 Proof Pressure
3.1.1.1 Sctup - Connect pressure source to Ports A, B and C to permit

pressurizing all threce ports simultaneously.

3.1.1.2 Procedure - Apply 3000 psig for 5 minutes.

3.1.2 External Leakage
3.1.2.1 Sctup - Same as proof pressure test,
3.1.2.2 Procedure - Apply 2000 psi to ports and immerse valve in freon

or alcohol past the flunge where solenoid mounts, Observe for bubbles. There
shall be no bubbles during 2 - minute test,

3.1.3 Internal LLecakage
3,1.3,1 Sctup - Conncct pressure source t¢ NO PortA and connect tube

to Port B, Cap PortC. Immerse tube in liquid.

3.1.3.2 Procedure - Apply 2000 psi toPort A and observe for bubtbles.,
Record number of bubbles during 2 minute test,

Remove tube from liquid and energize valve with 28 volts DC. Immerse tube and
observe for bubbles. Record number of bubbles during 2 minute test,

3.1.4 Actuation
3.1.4.1 Setup - Connect pressure sourceto NO Port A and connect

gauge to Port C. Leave Port B open.

3.1.4.2 Procedure - Apply 2000 psi to Port A and energize solenoid
with 28 volts DC. De-energize solenoid. Rcpeat 5 times observing gauge, Valve
must open and close promptly as signified by pressure at the gauge.

uc Py ] 70
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3.2 ‘ 5716154 Inlet Adapter Proof Test

3.2.1 Sctup - Install Inlet Adapter in Fixture No. $65-0-1802.
3.2.2 Procedure - Apply 3000 psi for 5 minutes.

3.3 5716155 Outlet Adapter Proof Test

3.3.1 Sctup - Install Outlet Adapter in Fixture No., S$65-0-1802.
3,3.2 Procedure - Apply 2000 psig for 5 minutes.

3.4 5716068-10] and -102 Mass Flow Controller Aesy

Test por PTS5716068 Acceptance Test Procedure.
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1.0 SCOPE
This document specifies the test procedure for the Mass Flow Controller
(MFC) supplicd to NASA Houston for controlling the flow of gaseous hydrogen and
gascous oxygen propellants,
PN 5716068-101 Hydrogen Mass Flow Controller
5716065-102 Oxygen Mass Flow Controller

2.0 TEST REQUIREMENTS

2.1 Test Facilities - All testing shall be conducted at the Systems
Division, Parker Hannifin Corporation, Irvine California Facility.

2.2 Test Results - Complete test results data shall be recorded
for cach acceptance test.

2.3 Fnvironmental - Unless otherwise specified all testing shall be
conducted within the following environmental conditions:

a. Temperature: 75° % 20°F
b. Relative Humidity: 90 percent or less
C Barometric Pressure: Local Atmosphere

2.4 Test Media - The test media used for acceptance testing shall
be nitrogen in accordance with MIL-P-27401, °

. 2.5 Tolerances - Unless otherwise specificd, the following tolerances
apply to the application of test requirements and the recording of data:

a. Temperature: * 3°F

b. Barometric Pressure: % 5 percent
, c. Pressure: £ 1 percent

d. Flow Rate: * 2 percent

e. Leakage Rate: * 3 percent

1$ P36 8-70
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2.6 Ilquipment (Shown on Figure 2)

Bl' B,, By Jamesbury 17 Ball Valve

D1 Grove Model M-13958-D
Dome Loaded Pressure Regulator

DZ APCO 112900-23 Dome Il.oaded
Pressure Regulator

G], GZ' G3, G4 Pressure Gauge, psi

Gg Differential Pressure Gauge,
inches HZO

Hl Marotta Hand Loader

HZ Benbow Hand l.oader

Mixer Parker S65-0-1795

Recorder 7 Channel

S Victor Solenoid Valve

3.0

Venturi Flow Meter

DI TAILED TEST PROCIEDURES

3.1.1

SV 30432P4T
Barco BR31615-68-61

Proof Pressure and External Leakage

Sctup - The test setup shall be as shown in Figure 1.

Procedure

Inlet - Open shutoff valves vy
unit and apply 3000 psig with regulator valve for two minutes.

to 2000 psig and observe for bubbles.

test.

Apply 525 psig to inlet port for two minutes.
observe for bubbles.

3.2.1

and V3

Immerse
Reduce pressure

and close VZ

There shall be no bubbles in a two minute

Outlet - Close shutoff valve V| and V3 and open valve V

Internal Lecakage

Setup -

Reduce pressure to 400 psig and
There shall be no bubbles in a two minute test.

Use setup shown in Figure 1 except attach flow meters

to outlet of shutoff valves V, and V3 suitable for measuring internal leakage.

'Hs P36 8-70
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3.2.2 Procedure

Poppet - Open shutoff valves V, and V3 and close V,. Using

regulator valve apply pressure to inlet port of 400, 1000 and 2000 psig. Record
leakage from Va,

Piston Scal - Close shutoff valves V. and V3 and open V,.
Using regulator vulve apply pressure to inlet port of 50, 100, 200 and 400 psig.
Record Jeakage from V

2"
3.3 Response & Regulation
3.3.1 Sctup - Use setup shown in Figure 2. For tests conducted without

adding 1.N,, use orifice diamcter of . 687 inch. For tests conducted with LI\IZ use
orifice diameter of ., 624 inch. Record Pys» P25 P3» T4, TZ’ and voltage at solenoid.

v
.
()

.2 . Ambient Temperature Tests (.687 inch orifice)

3.3.2.1 Using dome loader Dl , establish the pressure which results in
550 £ 50 psig at P] when the MEC is open and flowing. Open MFC shutoff poppet by
closing switch, Use a recorder speed sufficient to obtain response of unit., Close
MEC by opening switch,

3.3.2.2 Open MFC by closing switch with inlet pressure of 350 + 50 psig
Increasce inlet pressure to 1000 psig and lower to 350 psig, obtaining a trace of
outlet pressure as inlet pressure varies.,

3.3.2.3 Repeat 3.3.2.1 with inlet pressure set for 1000 # 50 psig.

3,3.3 Cold Test (.624 inch orifice)
3.3,3.1 Using dome loader D, establish the pressure which results in

550 + 50 psig when the MFC is open and with LN, injected in quantity sufficient to
producce an outlet temperature of -210°F or lower. Using dome loader D , establish
a pressure on the LN, container required to flow LNZ at the required rate when

ball valve BZ is opened.

PHYS P3G 870
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imultaneously. Oblzain &

3.3.3.3 Close B, (and increase pressure of dome loader Dy if required
to maintain inlet pressure to MFC) and obtain trace of outlet pressure as temperature

warms to ambicent,

3.3.34 Repeat 3.3.3.1 - 3,3, 3.3 with inlet pressure of 1000 = 50 psig.
3.3.4 During response and regulation test
a. Notec any region of instability,
b. Observe for evidence of external lcakage when MFC is
cold.

1S P36 870
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1.0 SCOPI
This document specifies the test procedure to be followed for design
verification testing of two mass flow controller assemblies,
PN 5716068-101 Hydrogen Mass Flow Controller
5716068-102 Oxygen Mass Flow Controller

2.0 T1IS)T REQUIREMENTS

2.1 Test Facilities - All testing shall be conducted at the Systems
Division, Parker Hannifin Corporation, Irvine California Facility.

2.2 Test Results - Complete test results data shall be recorded for
cach design verification test.

2.3 Environmental - Unless otherwise specified, all testing shall
be conducted within the following environmental conditions:

a. Temperature: 75° = 20°F
b. Relative Humidity: 90 percent or less
c. Barometric Pressure: Local Atmosphere
2.4 Test Media - The test media used for design verification testing

shall be nitrogen in accordance with MIL-P-27401,

2.5 Tolerances - Unless otherwise specified, the following tolerances
apply to the application of the test requirements and the recording of data.

a. Temperature: *= 3°F
b. Barometric Pressure: * 5 percent
c. Pressure: % 1 percent
) d. Flow Rate: * 2 percent
e. Leakage Rate: * 3 percent

3.0 DETAILED TEST PROCEDURES

3.1 Internal Leakage - Conduct internal leakage test per naragrens
3.2 of PTS5716068.

3.2 Response & Regulation - Conduct response and rcgulation test
per paragraph 3.3 of PTS5716068.
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3.3 _ Pressure Drop .
3.3.1 Sctup - Usc setup shown in Figure 2 of PTS5716068. Use . 718 dia

orifice in outlet line.

3.3.2 Procedure - Using D1, set inlct pressure of 300 psig. Close switer

= Iy

initiating flow through MI'C. Increasc inlct pressure from 200 to 400 peig in 10 psi

increments. Record inlet pressure, outlet pressure, outlet temperature, o &t
venturi flowmeter,

3.4 Fndurance
3000 Sctup - Use setup shown in Figure 2 of PT55716068., Install . 160

dia orifice in outlet line,

3.4, 2 Procedure - Using Dy establish a pressure of 550 # 50 psig at inlet of
MFC. Cycle unit 10,000 tinses by closing and opening switch. At conclusion of
test perform smbicnt temperature tests and internal leakage test (paragraph 3.2 and
3.3.2 of P1IS57T160068).
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DATA BY: L g oate 12671 appn.
TEST: AFTE - > BAROM .,
SAMPLE No. T 51520 ) |paess. Ve
ANTERNAL |LEAKAGE 10009 CYCLES) Teer —
.(:RT NO. & NAME NA ss ‘/_-40 w 7 lmepiuw G'NL TEWP .
S57/6068 - [0 CONTRILL ER ey or | Teur.
, TNLET OUTLE 7
~ FPRESSURE| PRESSURE TinE LEAKAGE
PT557/¢°6{3 REQ | AN REQ | scrmnc| REQ | AcTuntll RER | Acrunl
PAELA Ao, PSi & Pst& Pl & PSIG seEC SEC o Scc
32,2 400 | 4o — — — X — | 45 ({70
FoppPry LKE& N/
: /S Co0 IOG Q —— v— e ") — 5"‘09 T
2000 | 2000 — ~— e o’ — /300 |-
—
P./:T[.;’/J LN s o So — — e 2 po— 2200 ‘
1y
700 [ Joo | — | — | — = [ [ =
</
200 200 v X — 1252 —
/ -
22 | 400 — — o ¥ — 20p00 O
' )
. X | Flow METIEEl 8# A3
{ANGE S0l 7> 24000  Sd¢m)
|
1
-
- B -
® i _
i |
SETUP PER U, MEC YN o) ]
J. H. REF. SPEC.

PHLA 1P6 (4-69)

DATA SHEET #o
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Lr g1 72y |

REF. SPEC.

P HANNIFIN aeport no.__ LER5716068 pace 3 =3
. LTR. NC BY DATE 1-9-72
. DATA BY: o SHIRQ DATE /1-24- 7/ ppr.
T .
//‘)(“:S_S‘[/A ;o D/e 0/3 (GN ) SAMPLE No. 7’515120’ ::::: tw.
: 2
T No. & NAME RS S ;‘L O i) uz;su:n 'E::::‘.'B °
7 EvE 8~/ Cow7ROLLER gerey or | Tewr. °.
3;;",“ e ourLET . VEWTUE | ¢ ORRECTED
e PRESS L P TEm1)? eow
: 1251 & 5/ & IN Mo | 2/~ B fsec
;’ 22/ — /8 +32 2.72
L SHY 265 2/ + /4 203
‘ T2 286 25 r 4 32.35
385 299 27 - 3, SO
408 220 3/ —/2 3. 77
227 259 /9 -8 2.97
_ 349 270 22 -/2 3.2
‘UP PER Ha MEC S/ Ol
He oud DATA SHELT HO. e



